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The Stratigraphic Panorama 


(An Inquiry into the Bases for Age Determination and Age Classification 
of the Earth’s Rock Strata) 


(Address as Retiring President of The Geological Society of America) 


Abstract: Stratigraphy means literally the de- standards for the scope of these chronostratigraphic 
«riptive science of strata. It deals with the com- units are specifically designated intervals of rock 
position, form, arrangement, distribution, succes- —_ strata—stratotypes. 
sion, and classification of rock strata and it also The fundamental unit of world-wide chronostra- 
involves the interpretation of these featuresin terms _ tigraphic classification is the system. The systems, “ee 
of mode of origin, environment, age, history, rela- largely established in Western Europe during the Be 
tion to organic evolution, and relation to other first half of the last century, were originally thought ie 
geologic concepts. Stratigraphy concerns itself with to constitute “‘natural”” units with respect to earth 
the complete picture of the rocks of the earth’s history. In view of the local and rather haphazard 
crust as strata of various kinds and the significance manner in which most of them originated and the 
of these strata in the earth’s geological develop- primitive state of world geological knowledge at 
ment. that time, it is difficult now to see them as ‘“‘natural” 
There are many branches of stratigraphy, de- divisions of world-wide extent. Nevertheless the 
pending on the particular features of rock strata belief is still supported by many, including the 
under consideration. One of the most important is USSR Stratigraphic Commission, that the systems 
chronostratigraphy which deals with the age determi- are marked off by a concurrence of major events 
nation and age classification of strata. Its basic in geologic history and major changes in the course 
purpose is to interpret the history of the earth — of organic evolution. They assume that all lines of 
through the chronologic sequence of its rock strata. stratigraphic evidence converge to form ‘‘natural”’ » 
The principal means used to work out chrono- divisions of strata with respect to time and that 
stratigraphy are (1) the physical interrelations of hence separate kinds of stratigraphic classification— 
strata, (2) the relation of strata to sequence of  lithostratigraphic, biostratigraphic, etc.—are un- 
organic evolution, and (3) radioactivity age de- necessary. 
terminations. Valuable supplementary evidence of | ‘On the other hand, investigations by other 
age or chronostratigraphic position can be supplied competent workers of the evidence for world-wide 
by other features of rock strata and other geologic ‘‘natural breaks” in either the diastrophic record or 
phenomena such as lithology, mineralogy, ore the record of organic evolution have resulted in 
deposits, chemical composition, paleomagnetism, strong judgments to the contrary. The conclusion 
paleoclimatology, changes in sea level, orogeny, seems reasonable, regardless of what may be proved 
igneous activity, and unconformities. However, eventually, that it has not yet been demonstrated 
few of these can be proved to have had effects that world-wide ‘‘natural breaks” in the general 
which were distinctly recognizable, identical in character and continuity of strata exist at the scale 
character, and synchronous over the whole world. _ of the presently accepted geologic systems nor that 
Coordinated utilization of all possible lines of the evidence at the boundaries of the present 
tative and absolute age determination and time _ systems is such as to allow them to be considered 
correlation offers the best promise for continued as the ‘“‘natural” world-wide division points of the 
progress in chronostratigraphy. chronostratigraphic scale. Rather, the evidence 
Joined to the problem of the dating of strata suggests that our geologic systems are only arbitrary 
ad the establishment of their sequence with chronostratigraphic units in a continuum character- 
‘pect to earth history is the task of chronostrati- _ ized by intricately overlapping and not necessarily 
graphic classification. The record of 4 thousand coincident changes in the many and various proper- 
nillion years, written in millions of cubic miles of _ ties and attributes of rock strata and that their 
strata, is too vast to be comprehended as a whole __ principal significance is that of standard units of 
ind it is necessary to break it down into smaller  chronostratigraphic reference, independent of other 
nore practicabie units. The only adequate reference _ kinds of stratigraphic classification. Regardless of 
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opinion on the relation of these units to events of 
earth history, the critically important point is that 
the systems and their major subdivisions should be 
tied down by international agreement to specifically 
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designated and delimited sequences of rock strata— 
stratotypes—so as to provide a uniform basis of 
definition for everyone. 
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INTRODUCTION 


The other day I was flying across the United 
States. When we left New York the sky was 
completely overcast, and looking down through 
the plane window I could see nothing but 
clouds. But later on, as we progressed west- 
ward, there appeared, with increasing fre- 
quency, little breaks or rifts in the clouds, and 
I amused myself by trying to see what there 
might be in these occasional glimpses of land- 
scape that could tell me where I was geo- 
graphically in this journey across the continent. 
What was there in the topography, the drain- 
age pattern, the vegetation, the culture, of 
each of these individual views that might 
help me identify my position in the over-all 
panorama of my trip? And was there anything 
in the similarities or differences in the succes- 
sion of landscapes that might allow me to group 
the scenery into natural provinces—to classify 
it geographically? 

As I flew over this vast and varied country 
and with more or less success identified our 
geographic location from these occasional vistas 
of the earth below, it occurred to me to wonder 
with what success could one determine strati- 
graphic position in a journey through geologic 
time, viewing only in isolated occurrences the 
sequence of rocks making up the earth’s crust. 
Would I be able to identify Silurian and De- 
vonian, for instance, as natural units in this 
stratigraphic panorama, or would they be as 
artificial and difficult to distinguish as Indiana 
from Illinois or as the Kansas-Colorado line? 
Well, it is something on the order of this strati- 


graphic game that I propose to explore with 
you tonight—to explore, and to examine with 
you some of the implications of our results on 
stratigraphic philosophy. . 


GENERAL SCOPE OF STRATIGRAPHY 


First of all, what is stratigraphy? Literally 
(from stratum and graphia), the word can be 
said to mean “‘the descriptive science of strata,” 
and I see no need to depart from this simple 
definition inherent in the word itself. Str 
tigraphy, therefore, as applied to geology, deal 
with all rock strata and all aspects of rocks as 
strata; and a geological stratum may be defined 
simply as a layer of rock, unified by possessing 
certain characters or attributes distinguishing 
it from adjacent layers. The separation of a 
stratum from adjacent strata may commonly 
be marked by visible planes of bedding or part 
ing, but strata may also exist with less visually 
perceptible boundaries—always, however, with 
boundaries that represent horizons of change- 
change in lithology, in mineralogy, in pale 
ontology, in chemical composition, in age, 0 
in anything else. Stratigraphy involves the 
composition, form, arrangement, distribution, 
succession, and classification of rock strata i 
normal sequence. Further, it involves the inter 
pretation of these features of rock strata 
terms of origin, environment, age, history, 
relation to organic evolution, and relation to 
other geologic concepts. Moreover, since 
the larger sense the whole earth’s crust is stratr 
fied, all classes of rock—igneous and metamett 
morphic as well as sedimentary —fall within the 
general scope of stratigraphy. Thus we have # 


stratis 
stratis 

la 
would 
of stre 
and \ 
relatic 
I wou 
deterr 
one 
tigrap 
object 
ordina 
among 
one of 


acteris 
classifi 
litholo; 
units— 


ignoble 
eXercis 
to the 

inclines 
niercial 
mutual 


The 


|| 
strati 
whic! 
tem 
them 
Th 
whicl 
touch 
geolo 
strat 
volve 
to roc 
they 
the ¢ 
the ag 
only tr 
age re 
tively 
The 
nation 
them 1 
ae but th 
how 
incider 
tigraph 
a rathe 
tainly 
pale of 


GENERAL SCOPE OF STRATIGRAPHY 501 


stratigraphy a broad and magnificent field 
which concerns itself with the complete picture 
and understanding of the layers of the earth’s 
crust in all the aspects in which they manifest 
themselves. 

This is indeed a broad concept of stratigraphy 
which I have given you, and it is true that it 
touches upon almost all other branches of 
geology; but the point to remember is that 
stratigraphy deals with rocks as strata and in- 
volves these other branches only as they apply 
to rock strata and only to the extent to which 
they apply to rock strata. (This, for example, is 
the difference between lithology and litho- 
stratigraphy, between paleontology and bio- 
stratigraphy). 

I am well aware that there are many who 
would confine stratigraphy to the age relations 
of strata, and some who would even go further 
and would confine stratigraphy to the age 
relations of strata as worked out by fossils. Now 
I would be among the first to grant that the 
determination of the age relations of strata is 
one of the most important objectives of stra- 
tigraphy—but my point is that it is not the only 
objective. There are other important and co- 
ordinate fields of stratigraphy also. I would be 
among the first to grant that fossils constitute 
one of the most useful means of working out 
the age relations of strata—but again not the 
only means. Much has been learned about the 
age relations of Precambrian and other rela- 
tively barren strata without any help from 
fossils. 

The most pressing objective in the work of 
many stratigraphers may be not the determi- 
nation of the age of strata—the assigning of 
them to the Eocene, Oligocene, or Miocene— 
but the determination of the lithologic char- 
acteristics of these strata, the delineation and 
classification of them as_three-dimensional 
lithologically unified bodies—lithostratigraphic 
units—regardless of their geologic age. Those 
of you in the petroleum industry will know 
how vitally important is such work, and, 
incidentally, just because this branch of stra- 
tigraphy—lithostratigraphy—happens to have 
arather direct commercial application is cer- 
tainly no reason for considering it outside the 
pale of stratigraphy, or for considering it an 
ignoble objective, or a sort of preliminary 
txercise, a protostratigraphy, or only a means 
to the end of true stratigraphy, as some seem 
inclined to do. (It is just possible that com- 
uercial utility and geological science are not 
mutually exclusive!) 

The picture of the earth’s crust stratified 


according to variations in /ithology is as much 
true stratigraphy as the picture of the earth’s 
crust stratified according to geologic age. Both 
are valuable concepts in themselves and both 
are essential parts in our understanding of earth 
history. Likewise, the picture of the strati- 
graphic distribution of fossils in the earth’s 
crust is valuable not only for the aid it gives 
in determining the age of strata, but also as an 
indicator of changes in life environment or 
paleoecology. The classification of the earth’s 
strata with respect to mode of origin is as much 
stratigraphy as the classification of the earth’s 
strata with respect to time of origin. There are 
as many phases of stratigraphy as there are ways 
in which strata can be classified. Any attempt 
to restrict the term to less than the broad basic 
meaning implied by its etymological roots not 
only is confusing but, in addition to serving no 
conceivably useful purpose, actually has a 
harmful and cramping effect on geological 
thinking. 


CHRONOSTRATIGRAPHY 


So much then for the general scope of 
stratigraphy. That dranch of stratigraphy that 
has to do with the age and age relations of 
strata may be called chronostratigraphy, and it 
is this with which we are primarily concerned 
here. While I have emphasized that chrono- 
stratigraphy is not the whole of stratigraphy 
and that there are many other branches, each 
with its own particular objectives, still almost 
all the criteria on which these other strati- 
graphic fields are based have also some bearing 
on the determination of position with respect 
to geologic time and thus also play a role in 
chronostratigraphy. 

If we could look over the stratigraphic 
panorama—the whole picture of the rock strata 
of the earth’s crust—, what would be the evi- 
dence we could find to help us to determine 
chronostratigraphy, to help us to fix the age 
relations of strata relative to each other and 
relative to the course of earth history? And 
what might be the evidence we could find in 
the sequence of rock strata, once properly 
worked out, for subdivision of this history into 
chapters or units with respect to geologic time 
—for chronostratigraphic classification? 

Looking at it another way, if we had been 
viewing from an earth satellite the development 
of the rock strata of the earth’s crust from 
earliest geologic time to the present, what 
features would we have seen impressed in these 
rock strata that might now afford a clue to 
recognition of their proper sequence in time of 


trata— | 
asis of 
5th 
58 
50 
j 
510 
for 
with 
ilts on 
APHY 4 
terally 4 
can be 
simple 4 
Stra 
deals 
acks as 
lefined | 
esi 
rishing | 
n of a 
monly 
part: 
isually ¥ 
r, with 
ange— | 
1 pale: 
age, 
es the 
bution, 
rata if 
inter 
rata iy | 
Listory, 
tion to 4 
nce 
strat 
ameta: 
hin the 2 
have | 


502 


origin, especially if, as is usually the case, we 
could now see only isolated bits and fragments 
of the total picture at any one place, just as the 
only occasional rifts in the clouds in our trans- 
continental air journey let us see only bits and 
fragments of the total geographic panorama? 
And what basis might these imprints of earth 
history in the rock record give for the recogni- 
tion of different ages or periods in this history? 

This is the stratigraphic problem before us, 
and remember that, above all, it is truly 
stratigraphic. We as stratigraphers are interested 
in the age of strata, not so much the age of the 
rock matter itself which, you must remember, 
is largely as old as the earth itself (with the 
exception of a probably quite minor amount of 
cosmic matter that has accumulated since the 
original formation of the earth). New strata 
have been continually added to the earth’s 
crust ever since the dawn of geologic history— 
added and destroyed, added and destroyed. 
And these strata are new, as strata, even though 
they were formed merely by the reworking and 
rearranging of old material that was already 
there—breaking up old rock and depositing it 
to form new, melting old rock and cooling and 
crystallizing it to form new, metamorphosing 
rocks in place to make new rock strata out of 
old. It is strata and their character in which we 
as stratigraphers are principally interested, not 
so much the constituent rock matter itself. 
And, when we speak of geologic age, we are 
talking not of the age of the rock matter but 
the age of strata—the age of certain layers of 
the earth’s crust. 


PRINCIPAL BASES FOR DETERMI- 
NATION OF AGE OR CHRONO- 
STRATIGRAPHIC POSITION 


Let us first look at the means we have for 
determining the age of the earth’s strata, either 
the relative age of strata with respect to each 
other or their absolute age expressed in millions 
of years, or both. Three principal means stand 
out: 

(1) Determination of relative age by the 
physical interrelations of strata 

(2) Determination of relative age by relation 
to the sequence of organic evolution 

(3) Determination of absolute (and relative) 
age by radioactive methods. 


Physical Interrelations of Strata 


Probably no criterion of relative age is more 
simple and more positive than that afforded by 
the superposition of strata, although there is 
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often a tendency to forget, or even scorn, its 
role in the course of attention given to mor 
complex methods. Relative stratigraphic posi 
tion is an obvious key to relative age. In any 
normal sequence of sedimentary rocks, each 
succeeding bed upwards is younger than that 
on which it rests. This is the fundamental and 
classic concept of relative age determination, 
and all other methods have been founded on its 
validity as a starting point. 

In any local exposure of undisturbed strata 
relative chronostratigraphic position is thus 
usually readily apparent. However, as we all 
know, difficulties arise when strata are highly 
disturbed—overturned or overthrust—when a 
younger igneous rock is implaced by intrusion 
within a sequence of older strata, when a rel 
tively mobile older rock, like salt or gypsum, 
has been injected into or has flowed out over 
younger strata; when lateral changes in facies 
or thickness occur, and when unconformities 
are present. Even under these conditions, how- 
ever, careful studies of field relations and con- 
tacts may reveal relative age. 

Perhaps the greatest- impediment to assign- 
ment of strata to their correct relative chrono 
stratigraphic position by means of the simple 
law of superposition is lack of continuity in 
exposure. It is then that the supplementary 
tool of stratigraphic correlation enters—when 
the separation of exposures is such as to prevent 
actual tracing of beds. Stratigraphic correlation 
is the determination, through similarities in 
character, of mutual correspondence in strati- 
graphic position between beds at two or more 
separated points. Correlation may be based 
on correspondence in lithology, in fossil com 
tent, in electric-log character, in geologic age, 
or in any other property of a stratum. Such 
correlation may or may not be,an exact time 
correlation of the strata involved but is always 
a useful aid to relative age determination. 

The development of the art of correlation 
has been one of the great contributions of the 
petroleum industry to stratigraphic knowledge. 
Micropaleontology, heavy minerals, electric 
logs, gamma-ray logs, and many other special 
ized techniques have been utilized very succes 
fully. Lowman (1949, p. 1964-1967) explained 
very well how this simple approach to deter 
mining relative stratigraphic sequence has be 
used throughout the broad Gulf of Mexico 
coastal region by building outward from wel 
section to well section a network of purely 
empirical stratal correlations regardless of chror 
ologic or facies implications. This is the ap 
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proach that has been and is being used in 
numerous other areas all over the world both 
by means of well sections and by means of out- 
crop sections. As a result of some 2 million 
holes drilled for oil during the last century, plus 
progress in techniques of correlation, it is now 
possible with assurance to determine the rela- 
tive stratigraphic position of strata over many 
vast basin areas of the world without regard to 
their relation to any standard geologic time 
gale, As drilling is pushed more extensively 
into offshore areas and more complete sections 
are found, correlation ties over still more ex- 
tensive regions will become possible. It is not 
at all inconceivable that even intercontinental 
sequences eventually might be tied together 
by this means alone. 

Noteworthy also in the determination of 
relative chronostratigraphic position through 
observed relations of strata is the contribution 
ofaerial photography to the tracing of beds and 
whole stratigraphic sequences from one area to 
another. No one who has seen the broad sweep 
of continuous bands of strata shown by air 
photos along certain uplifted mountain fronts 
can doubt for a moment the tremendous aid 
that these have given to the direct lateral 
extension of stratigraphic sequence—an aid 
lacking to our early stratigraphers. 

Finally, special mention should be made of 
the contribution of geophysics in the tracing 
of strata, not only through electric-log correla- 
tion of well sections, but also through the 
interpretation of seismic-reflection and_re- 
fraction data over areas where neither outcrops 
nor wells are present and to depths beyond the 
reach of the drill. 

All in all, the tools for the working out of 
stratigraphic sequence by the direct tracing or 
simple correlation of strata are far, far more 
powerful than they were in the days of the 
arly stratigraphers, and it might be quite im- 
pressive if we could see now how far these 
direct methods alone would have carried us 
toward the establishment of world-wide chrono- 
stratigraphic order. 


|g of Strata to Sequence of Organic Evo- 
ution 


That our present-day knowledge of the se- 
quence of strata in the earth’s crust is in major 
part due to the evidence supplied by fossils 
a truism. Merely in their role as distinctive 
tock constituents, fossils have furnished one of 
the best and most widely used means of tracing 
beds and correlating them. However, going far 
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beyond this relatively simple but highly useful 
contribution to stratigraphy, fossils have fur- 
nished, through their record of the evolution of 
life on this planet, an amazingly effective key 
to the relative positioning of strata in widely 
separated regions and from continent to conti- 
nent. 

In the first place, fossils have led to the 
separation of the strata of the earth’s crust into 
two great divisions—a younger Phanerozoic 
division in which fossil evidence is abundant 
and the fossils include relatively highly organ- 
ized life forms, and an older Cryptozoic (Pre- 
cambrian) division in which fossil evidence is 
scanty or lacking and most of the record found 
to date is of relatively simple primitive life 
forms. Moreover, within the Phanerozoic rocks, 
where the record is good and the forms com- 
plex, the progress of organic evolution has been 
traced in great detail along a multitude of lines 
and through innumerable varied and constantly 
changing forms, thus making possible an ever- 
increasingly detailed relative age positioning of 
strata throughout the world by their fossil con- 
tent, once the general sequence was established. 

Stubblefield (1954) has stressed the relation- 
ship of paleontology to stratigraphy and the 
historically close interdependence of the two. 
Only as the stratigraphic succession could be 
known through direct observation of the super- 
position of beds could the evolutionary se- 
quence of fossil forms be established, and only 
as this sequence was established could the local 
rock sections of widely separated regions be tied 
together in proper order of age. 

The outstanding success with which paleon- 
tology has been applied to the relative dating 
of Phanerozoic strata during the last 150 years 
is such that to the outside observer it might 
seem that no obstacles remain to the most de- 
tailed world-wide determination of the chrono- 
stratigraphic arrangement of these rocks. That 
such is not the case is, of course, evident to 
most biostratigraphers. Only an infinitesimal 
fraction of the life of the past has become avail- 
able to us for study. A large part of the strata 
even of Phanerozoic age are nonfossiliferous or 
only very sparingly fossiliferous; on the other 
hand, the biostratigrapher is sometimes locally 
embarrassed by a great wealth of fossils of 
different types which have evolved at quite 
different rates. Then, again, the fossil remains 
found in swamp deposits are not those of river 
deposits or marine shore lines or deserts or deep- 
sea oozes, and the extension of time surfaces 
between these different environments on the 
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basis of evolutionary sequence of fossils is 
difficult. Conditions for the preservation of 
fossils have been highly variable, leaving barren 
gaps on the one hand and on the other allowing 
reworking and redeposition of forms. Finally, 
unconformities, hiatuses, and structural compli- 
cations have frequently confused interpretation 
of the fossil record. 

The Cryptozoic or Precambrian deserves a 
special word from the biostratigraphic view- 
point. For a long time this seemed like a 
paleontological no-man’s land, but during the 
last decades important progress has been made 
toward penetrating the secrets of life retained 
in the scanty record of these strata. It now ap- 
pears that there is reasonable evidence that life 
was already existent at the time of the oldest 
known rocks on earth—some 3 to 4 billion years 
ago (Ahrens, 1955). The traces in these earliest 
rocks are indeed scanty—finely disseminated 
carbon or graphite, and some limestones—, but 
in Precambrian rocks of somewhat lesser age 
stromatolites and other algal remains have been 
found all over the world, limestones are not un- 
common, and even coal and traces of petroleum 
have been noted. What could be more challeng- 
ing for biostratigraphers than the effort to build 
up our knowledge of life during these long dark 
ages, constituting nine-tenths of the earth’s 
span of existence, before, so to speak, the fossil 
record burst full blown upon the scene. The 
recent discovery at Ediacara in South Aus- 
tralia, discussed by Glaessner (1960), of an 
abundant soft-bodied fossil fauna of coelenter- 
ates, annelids, and other forms (including some 
known only from the Precambrian of South 
Africa and England) in a Precambrian sequence 
that grades upward without a break into Lower 
Cambrian strata with hard-shelled fossils is an 
indication that we may yet learn much more 
about Precambrian life. 


Radioactiwity Dating of Strata 


The discovery early in this century that 
certain elements contained in the rocks of the 
earth’s crust are in continuous radioactive dis- 
integration to form other elements cr isotopes 
at a rate that is not only constant but also rapid 
enough to be measurable opened up to geolo- 
gists a vista for dating rocks which still seems 
almost too fortunate to be true. Stratigraphy 
owes a tremendous debt to those geoscientists 
and institutions all over the world who, in spite 
of the laborious, intricate, and painstaking tech- 
niques necessarily involved, and in spite of re- 
peated discouragements, have persisted in 
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efforts to develop, refine, and apply methods of 
radioactive dating. Although work in this field 
is most certainly still in its earliest stages and 
still complicated by many uncertainties, the 
results to date already appear to have cop- 
tributed a reasonably reliable concept of the 
general magnitude of geologic time and to hold 
forth assured promise of much more accurate 
measurements and detailed dating in the future, 

Up to now the most useful stratigraphic r- 
sults appear to have come from the uranium: 
lead (also thorium-lead and lead-lead), rubidi- 
um-strontium, potassium-argon, and carbon-l4 
methods—each particularly useful under ap 
propriate circumstances. Problems of evalu 
ating factors both of inheritance and of leakage 
of products are still troublesome, but con- 
cordant results obtained by different methods 
on the same rock or by the same method on 
different minerals in the same rock particularly 
inspire confidence. 

The Holmes radioactivity time scale of 1947 
recently has been revised in the light of new 
data, by Arthur Holmes (1960) and by J. L. 
Kulp (1960), with gratifying accordance in 
conclusions. However, as Holmes says (p. 203), 


‘To meet requirements of a reasonably accurate 
time-scale, measured ages need to be far mor 
reliable, closely correlated, and evenly distributed 
throughout the periods than has yet proved to be 
practicable.” 


Faul (1960) has recently supplied a critical 
evaluation of the current status of radioactive 
dating. 

It is important always to remember that 
what radioactive determinations give us 1s not 
a simple direct reading of the age of a rock 
Instead they give certain physical data on the 
isotope composition of certain mineral crystal 
within a rock which, only after certain assump 
tions and certain allowances have been mate, 
may permit an interpretation of the numberd 
years that have elapsed since the birth of the 
crystals. This in turn may further allow a 
interpretation of the dating of the proces 
responsible for the generation of the crystal 
which, depending on circumstances, may 
more or less indicative of the age of the incor 
ing rock specimen, and which finally may from 
its field relations allow an age interpretation@ 
the strata with which the rock specimen Ws 
associated. Thus the dating of minerals im: 
granite gives the date of its crystallization 
which may not always be the date of intrusiot 
the dating of biotite in a schist may give 
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ods of age of the metamorphism responsible for con- pendent now, were established originally only 
Sfield § verting a certain stratum toa crystalline schist, with the help of some preknowledge of se- 
sand § but not the age of the original stratum itself; quence. It may therefore be worthwhile to con- 
s, the § the dating of authigenic minerals in a sedi- _ sider if there are other lines of evidence which, 
> con } mentary rock dates the diagenetic process that now that a general sequence has been worked 
of the § produced these minerals, but does not neces- out, may aid in recognizing chronostratigraphic 
ohold § sarily give the date of deposition of the now- position. Even though they may not reflect 
curate f inclosing sediment; and the dating of detrital irreversible changes to the extent that changes 
future, | minerals in a sediment obviously is the dating of | through organic evolution are considered irre- 
hic re frock material older than the sedimentary stra- _ versible, still other features may be helpful 
nium f tum itself. All these datings are, of course, under certain circumstances in identifying 
rubidi } extremely valuable in themselves as indicators _ position in the chronostratigraphic scale. 

bon-l4 § of the timing of certain geological events, but 
ler apf their limitations as direct indicators of age of 
evalu § strata should be recognized. First, let’s look at simple lithology. There 
eakage } (Incidentally, what is the age of a stratum are probably few of us who have not, at some 
t con f of mica schist formed by the metamorphism in _ time, looked at some new section of rocks and 
ethods F Silurian time of a Cambrian shale derived from remarked ‘‘Looks like typical Triassic” or “‘I 
hod on f the weathering products of a Precambrian don’t know why, but this just looks like 
culatly | granite? Is it the age of the shale—Cambrian—, Cambrian.” Well, how much really is there in 
the age of the granite products—Precambrian the lithologic character of strata which is 
of 1947 | -, or the age of the metamorphic process— significant of their age? We have come a long 
of new } Silurian?) way from Wernerism but is there, perhaps, still 
y J. Lf While radioactive methods are almost unique some measure of truth in the thought that rock 
nce inf in their potential ability to contribute absolute _ types vary with geologic age? See discussions by 
p. 203), | age values expressed in years or millions of Rubey (1951, p. 1114), Fairbridge (1954), and 

years, still it is probably their contribution of  Pettijohn (1957, p. 682-690). 

acura T evidence for relative ages, supplementing evi- I suppose such an investigation might well 
ar mort 
tributed | dence supplied by other means and regardless start with a look at Precambrian lithologies as 
ed tok § of absolute age values, that is most important compared with those of Phanerozoic strata. 
tous. Radioactive dating offers a possible check While the principle of uniformitarianism has 
_. on the many uncertainties remaining in the been accepted by most as extending back 
critic relative age assignments of Phanerozoic rocks through the Precambrian in at least a general 
loactiv¢ } and offers the major hope for working out ona __ way, still a number of observers have from time 
world-wide basis the relative age relationships to time pointed out supposedly distinctive 
yer that } of the great mass of Precambrian rocks, repre- features of Precambrian rocks. In general, how- 
us 1s NOH senting 90 per cent of geologic time, where ever, the results of increased information on 
-a rock J fossils are scanty or lacking and where structural _ the Precambrian all over the world have tended 
a on thf complications and metamorphism allow the _ to negate rather than to support generalizations 
crystal direct observation of original sequence in only _ on distinctive lithologies. In a recent address, 
assump} local intervals. Inexact as the’ radioactive Hawkes (1958, p. 315) has concluded that in 
n made, methods may be at the present time, there is general the rocks formed in Precambrian time 
umber 0} tremendous comfort in the thought that almost —_ were similar to those being formed today, but 
h of the} all rocks are endowed with little radioactive that the proportion of undifferentiated sedi- 
allow a0 clocks of some sort, ticking away and storing ments, graywackes and arkoses, was higher, in 
 procést up time records which we shall probably one keeping with the thought that with advancing 
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crystal, day be able to interpret much more exactly geological time repeated cycles of weathering oa 
es than now. and deposition would tend to result in increased a ‘ 

a OTHER INDICATORS OF AGE OR amounts of fully differentiated sediments 


: quartzites and argillaceous rocks. However, he 
tation d HRONOSTRATIGRAPHIC POSITION stresses that the important fact is that these 


imen WF So much for the principal bases of age or differentiated types do occur to some extent ‘ y 
- a tative age determination—superposition of even in the oldest rocks. Thus he mentions : q 
allization, 


trata, organic evolution, and radioactivity. Of phyllites, quartzites, and limestones in the 


intrusiary these only superposition is independent. Or- most ancient rocks of South Africa, and the 


give Dy Bac evolution and radioactivity, while inde- records from other continents now include a 
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number of observations of sedimentary carbon- 
ates and quartzites from within their older 
Precambrian strata (e.g., Armstrong, 1960). 

Gill (1957, p. 186-187) has suggested that 
quartzites and limestones might theoretically 
be expected to be lacking in the oldest rocks not 
only because weathering conditions of earliest 
Precambrian time may not have been favorable 
to a complete breakdown of rock materials into 
mineral fractions, but also because coarse- 
grained quartz-bearing rocks may have been 
lacking to supply quartz sands, and because 
limestones could not be deposited until the 
primitive oceans were saturated with CaCO3. 
At the same time, however, he concludes that 
‘Sf there is anything truly distinctive about 
Archean sediments it has still to be defined.” 

Probably the most widely mentioned ex- 
ample of a distinctive Precambrian rock is that 
of the banded siliceous iron-bearing strata re- 
corded from the Lake Superior region, Labra- 
dor, Scandinavia, Russia, South Africa, Maure- 
tania, India, Australia, Brazil, Venezuela, and 
elsewhere. The extensive development of rock 
of this type only in the Precambrian is indeed 
impressive, but there have been lesser develop- 
ments of somewhat similar rocks in later times, 
and detailed comparison of the Precambrian 
occurrences would probably show very con- 
siderable differences in rocks popularly con- 
sidered the same. Harold James (1960, p. 107) 
has warned against thinking of these iron- 
bearing strata as having very specific age sig- 
nificance even if they are confined to the Pre- 
cambrian, since radioactive dating suggests 
that the time interval between rocks of this 
type in the Lake Superior Precambrian may be 
as long or longer than all of the Phanerozoic. 

A greater abundance of dolomites and mag- 
nesian limestones in proportion to ordinary 
limestones in the early Paleozoic and late Pre- 
cambrian as compared to later strata has been 
suggested by Daly (1909) and others. Chil- 
lingar (1956, p. 2266) concludes that 


“there is no simple relation between the Ca/Mg 
ratio and the age of carbonate rocks. There is, 
however, a general decline in abundance of dolo- 
mites (or increase in the average Ca/Mg ratio) in 
going up the geologic column, with superimposed 
periodic fluctuations of calcitic and dolomitic 
limestones.” 


A number of other rock types seem charac- 
teristic of or limited to certain parts of the 
Phanerozoic column, but are also quite clearly 
related in origin to plant or animal life and may 
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thus perhaps be considered only as furthe 
instance of age dating through organic evoly. 
tion. For example, while coaly matter is know 
as far back as the Precambrian, extensive & 
posits of coal would be indicative of Carbonife; 
ous or younger age. Likewise, while traces of 
petroleum seem to have originated in Pr. 
cambrian rocks (James, 1960, p. 111), it 
indigenous occurrence in major quantities js 
limited to Phanerozoic strata. Chalk is supposed 
to be typically Cretaceous, and diatomite i 
known only from the Tertiary, and even th 
Precambrian siliceous iron ores may be related 
to organic life. In any case, extensive develop 
ments of the rock types mentioned do furnish 
some general suggestion of chronostratigraphic 
position through lithology alone. 

Some other rock types, while not limited in 
chronostratigraphic range, have come to be 
known popularly as particularly common in 
certain parts of the geologic column—Petmia 
and Triassic red beds, Tertiary mottled clay- 
stones, Jurassic radiolarian cherts, Tertiary and 
Cretaceous lignites, Permian evaporites, etc. 
We know, however, that these are the lithologic 
products of certain environments and we know 
that these environments were not universal in 
any of the above-mentioned periods nor were 
they by any means confined to these periods. 


Mineralogy and Ore Deposits 


Certain minerals and ores appear to show 
some relation to geologic age. Thus glauconite 
is common throughout the Phanerozoic systems 
but has only rarely been reported below the 
Cambrian and then only in late Precambrian. 
Likewise, many have noted that most of the 
world’s gold comes from the older Precambrian 
of Canada, South Africa, Australia, India, and 
Brazil. Much of the world’s sedimentary copper 
comes from the Permian and Triassic, 
many of the widespread Triassic red beds are 
characterized by an unusually high copper 
content. Miholic (1947) has commented that 
nickel ores are predominantly in Precambrian 
rocks, tin in the Paleozoic, lead and zinc i 
rocks of Late Paleozoic to Early Tertiary age 
and mercury in the younger Tertiary. How 
ever, he attributes this distribution in part to 
the fact that differential erosion has exposed # 
larger proportion of the high-temperature 
(deeper) metallic veins in the older rocks 
while low-temperature deposits (shallower 
have been relatively better preserved in the 
younger rocks. He also attributes it in part 
steeper geothermal gradients in the past. 
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DeRoever (1956, p. 125) notes the absence 
of the mineral lawsonite in rocks formed by 
pre- Mesozoic metamorphism, and the relative 
scarcity of glaucophane and crossite in those 
rocks. He sees 


“got only an evolution of life during the history 
of the earth but also some change in the character 
of the metamorphic mineral assemblages produced 
during the main phases of regional metamorphism 
of the various orogenic epochs.” 


Many sedimentary-rock petrographers have 
noted a general tendency toward simplification 
of heavy detrital-mineral suites with increasing 
age of the enclosing rock. (See particularly 
Pettijohn, 1941.) 


Chemical Composition 


There have been repeated inquiries into the 
possibility of a systematic change in general 
chemical composition of sediments with time. 
However, Rubey (1951) is impressed with the 
evidence for long-range constancy in composi- 
tion both of the atmosphere and of sea water 
and concludes (p. 1111) that while 


“the composition of both sea water and the atmos- 
phere may have varied somewhat during the past 
... the geologic record indicates that these varia- 
tions have probably been within relatively narrow 
limits.” 


Nanz (1953) has compared the chemical compo- 
sition of Precambrian shales with that of shales 
of younger eras and finds a progressive decrease 
in AlO3, FeO, total iron, KO, and carbon 
with decreasing age. He also finds a progressive 
increase of CaO, PxO5, and SO3, which 
he thinks may be related to the development of 
life. The other consistent variations he at- 
tributes to ‘‘progressively coarser textures in 
the younger samples.” Briggs (1959) comments 
ona progressive decrease in ferrous/ferric ratios 
beginning about 2 billion years ago; he attrib- 
utes the decrease to the change from a previous 
reducing atmosphere to a progressively more 
oxidizing atmosphere as a result of the develop- 
ment of plant life. Poldervaart (1955) has given 
an interesting discussion of the chemical evolu- 
tion of the earth’s crust. 


Paleomagnetism 


Studies of the earth’s paleomagnetism have 
suggested a highly intriguing prospect for dat- 
ing rock strata. If the remanent magnetism of a 
tock is a record of the position of the earth’s 
magnetic poles at the time of formation of the 
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rock, and if there has been a major shifting of 
the poles throughout geologic time (as studies 
seem to indicate), then, utilizing what we 
already know of the age sequence of strata as 
an initial guide, we would have in paleo- 
magnetism a widely available means of further 
extending our original age dating. Evaluation of 
this method will have to await further in- 
vestigation and further checking of the validity 
of some of the assumptions made, but many 
papers are already appearing in which con- 
clusions on dating are based on paleomagnetic 
evidence. (See Cox and Doell, 1960, for a recent 
review of paleomagnetism). 


Paleoclimatology 


There is plentiful evidence in the earth’s 
strata of major climatic changes in various 
regions during the course of earth history, and 
there is reason to believe that some of these 
changes may have been the result of extra- 
terrestrial causes or other causes of a nature able 
to affect the climate of the earth as a whole. 
However, as Dorf (1960) remarks, climates are 
not themselves subject to fossilization, and the 
clues we have to ancient climates must be 
derived from their imprint on the geologic 
record—fossil plants and animals, glacial de- 
posits, evaporites, red beds, coal-swamp de- 
posits, and various other reflections of climate. 
Of particular importance to our knowledge of 
world-wide climatic changes is the steadily 
increasing mass of data on ocean temperatures 
of the past yielded by Urey’s oxygen-isotope 
geological thermometer. In spite of the masking 
effect of normal latitudinal variations and other 
regional factors affecting climate, there appear 
to have been variations in temperature and 
precipitation in the past sufficiently general to 
furnish aid in the world-wide dating of strata. 


Changes in Sea Level 


One of the classic concepts of historical 
geology is that of a rhythmic alternation of 
world-wide transgressions and regressions of the 
sea. (See discussion by Dunbar and Rodgers, 
1957, p. 305-306.) To the extent that this con- 
cept is valid it should provide an important 
means of relative positioning of strata all over 
the world with respect to a standard sequence, 
once this has been established. The recognition 
and correlation of alternations of marine and 
nonmarine sediments, of shallow-water and 
deep-water deposits, and of transgressive and 
regressive facies should then constitute a simple 
key to the fitting together of local sequences 
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into a chronologically ordered whole. Certainly 
this has already been done successfully over 
quite extensive regions. However, although sea 
level is essentially accordant the world over and 
although the addition of water volume locally 
is rapidly transmitted as a rise in sea level the 
world over, still the suspicion lurks that many 
of the effects in the rock record are due neither 
to changes in the total volume of sea water nor 
to general changes in the form of the ocean 
basins, but rather are the result of local changes 
in the relative vertical position of sea and land 
in specific coastal areas. It seems evident that 
local vertical movements of the solid crust both 
on the continents and in the ocean basins have 
been so great and so variable geographically in 
relation to time as to leave much less order in 
the world-wide rock record of marine trans- 
gressions and regressions than some theorists 
might hope to see. Moreover, there is no reason 
to expect that the sediments of one trans- 
gression will have differed distinguishably from 
those of another. Gignoux (1936, p. 494-495) 
has brought out in excellent manner the caution 
with which one must look at even so widely 
accepted a transgression as that of the Late 
Cretaceous. 
Orogeny 

Another classic concept of historical geology 
is that periodic world-wide orogenies ‘‘punctu- 
ate” the record and through their effects on 
sedimentation, erosion, igneous activity, and 
rock deformation furnish potential guides to 
chronostratigraphic position. Here, again, this 
is indeed true over broad areas, but, as will be 
discussed later, it is doubtful that the nature of 
orogenies has been such as to have left similar 
and synchronous effects world-wide in the rock 
record. 


Igneous Activity 


There has perhaps been some over-all de- 
crease in igneous activity in the earth’s crust 
since the beginning of the rock record and some 
broad variations throughout geologic time, but 
nothing which would in itself be a very reliable 
guide to world-wide dating of strata. Similarly, 
orderly changes in composition of igneous rocks 
depending on time of origin have been noted 
for specific provinces, but there appears to be 
little basis for conclusions on a world-wide 
variation in igneous-rock composition with 
geologic age. It is of interest, however, that J. 
T. Wilson (1952) has remarked that the oldest 
rocks in North America, Australia, and South 
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Africa are greenstone volcanic rocks which he 
thinks may be contemporaneous and 
represent a distinct division of early Archean 
time. The relation of sediments to periods of 
intrusion has of course frequently been utilized 
in regional dating. Hess (1955) has demon- 
strated the value of the dating of serpentines 
as a clue to the dating of the birth of mountaip 
systems. 


Unconformities 


The relation of strata to major unconformi- 
ties is a widely useful key to approximate 
chronostratigraphic position and one on which 
age determinations are frequently based. Its 
utility is great in a general way in interregional 
studies, but it should always be borne in mind 
that no known unconformities are world-wide, 
and in many respects an unconformity is one 
of the poorest time markers since by its very 
nature the age of a surface of unconformity 
commonly varies drastically from place to 
place. 


Many other lines of investigation may also 
furnish useful supplementary evidence for de- 
termining the relative age or position of rock 
strata. Weeks (1958, p. 3-5) has made an inter- 
esting list of phenomena suggesting a high 
degree of world-wide parallelism of geologic 
events. However, useful as all of these, as well 
as those here mentioned, may be in local or 
regional time correlations, few can be proved 
to have had distinctively recognizable, identi- 
cal, and contemporaneous effects on rock strata 
everywhere over the whole world. 

Finally, we may still ask, what is there in just 
the general so-called ‘‘ravages of time” which 
might leave an imprint on the earth’s rock 
strata? We all grow old with the years, and try 
as we may the results are pretty hard to hide. 
We usually have little difficulty, just at a 
glance, in telling a young man from an old 
man. Is there any way we can tell young rocks 
from old rocks just by their look? Unfortu- 
nately the answer seems to be—only in so fat 
as the longer span of existence of old rocks will 
have allowed the results of more experiences to 
have been impressed upon them. Thus old 
rocks will in general be more consolidated, 
more indurated, more recrystallized, more de 
formed, more intruded, and more generally 
‘‘beat up” than young rocks, but this is still all 
a matter of experiences suffered, not age, ané 
the Cambrian blue clays of Russia still “look 
much younger than Tertiary schists in the Alps 
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OTHER INDICATORS OF AGE OR CHRONOSTRATIGRAPHIC POSITION 


So much then for our means of age determi- 
nation of strata, our means of determining 
chronostratigraphic position, the means we can 
use for putting all the strata of the earth’s crust 
into their proper sequential position with re- 
spect to geologic time and even expressing their 
geologic age in terms of years or millions of 
years. We have seen that superposition of 
strata, organic evolution, and radioactive dis- 
integration constitute our principal tools, but 
that there are many other features of rock 
strata which, once the general order becomes 
clear in any one place, may be helpful in ex- 
tending our dating elsewhere, and we have seen 
that new and useful methods still continue to 
be developed. 

We have made tremendous progress in the 
short 2 centuries in which geologists have 
worked at this task, but it is evident that we 
still have far to go. None of our methods is 
infallible, all have their defects and limitations, 
and, even with all put together, huge doubts 
and uncertainties still remain. However, the 
future is full of promise, and I think we can 
confidently expect the rapid progress of the 
past to continue into the future if we recognize 
stratigraphy for the broad field that it is, and 
if we leave the way open for the co-operative 
utilization of all lines of stratigraphic evidence 
(presently known or to be developed) to 
contribute to this paramount goal—the work- 
ing out of chronostratigraphy. 


CHRONOSTRATIGRAPHIC 
CLASSIFICATION 


The dating, or determination of the relative 
position, of the earth’s strata is the fundamental 
task of chronostratigraphy, but it is still not in 
itself the whole story. We have also the very 
practical problem of how to handle and utilize 
the results of our work. Our objective is simple. 
In its largest sense the purpose of chronostra- 
tigraphy is to interpret the history of the earth 
through the sequence of its strata. But history 
requires bench marks, reference points, dates, 
and divisions. The record of 3 or 4 billion years 
of time written in millions of cubic miles of 
strata is too vast a proposition for us to handle 
aa whole. We must get down to smaller units 
for practical concepts. We must implement age 
determination with age classification. And how 
should this be done? 

History fundamentally involves time. With 
fespect to time of origin there is only one true 
order of strata, one true sequence, and this is 
telated to only one time. And there is only 
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one kind of time. I have no patience with the 
claim that organic evolution measures one kind 
of time and radioactive disintegration another. 
We may speak of relative age and absolute age, 
but they are relative or absolute with respect to 
one and the same kind of time. What we do 
have is several different means of age determi- 
nation, and, as we have said, our best hope of 
success is in the mutual interplay of these 
methods, in the combination of the contribu- 
tions that each can make. To achieve this 
success, therefore, we must use units of refer- 
ence to which all of these methods can apply. 

What are such units? What are these stand- 
ards of measurement which we can employ, 
these units of reference for geologic history? 
Well, in common history we use years or 
centuries, and we have seen that also in geologic 
history our radioactive methods can be used to 
interpret age in terms of years. However, years 
are not marked off for us on the clock face of 
organic evolution. Here it is sequence of life 
forms that is our measuring scale. In the method 
of superposition of strata it is number and se- 
quence of beds that form our scale. And in 
other methods it is change in certain other 
properties on which our concept of relative age 
depends. 

What then is the common denominator by 
which we can bring all these indicators of rela- 
tive or absolute age together? I know of only 
one, and that is the old, simple, and classic one 
of the rocks themselves—designated intervals 
of rock strata—stratotypes, if you will. It seems 
to me that these must be our fundamental 
standards of reference for earth history, and the 
basis of our age classification. 

The history of the earth, with all its varied 
events, is written for us only in the sequence 
of rock strata making up the earth’s crust. 
These strata carry the story, such as we can 
know it, like pages in a book. This book is al- 
ready printed—without our help and without 
our advice. We can still divide it into chapters 
to suit ourselves, if we wish, but we can do this 
only by dividing it into groups of pages. There 
may be endless argument among us as to what 
events in the story should be the bases for the 
chapters, depending on individual interests and 


1 Subsequent to presentation of this address, Preston 
Cloud has kindly called my attention to J. B. S. Hal- 
dane’s letter in Nature (vol. 15, no. 3888, p. 555, May 
6, 1944) referring to Milne’s interesting concept of two 
different time scales. This does not, however, mean more 
than one kind of time. 
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individual viewpoints, but the pages will re- 
main the same regardless of how we group 
them. And, like the pages of the book, so the 
strata of the earth are our only fixed basis of 
reference for chapters in the history of the 
earth—for the divisions of our chronostrati- 
graphic scale. 

Some may wish to base the major chapters 
or divisions—our geologic systems—on changes 
in organic evolution, others on diastrophic 
events, others on paleoclimatic changes, others 
on radioactive-age dates. But these are all in- 
tangible concepts whose scope may vary with 
opinion, or with new discoveries, or with new 
determinations. If we fix the basis of a system, 
or a series, or a stage, as a designated section 
(or sections) of rock strata, then we all have a 
common standard of reference which in its 
type can mean only one specific interval in the 
time scale to any of us regardless of our ever- 
changing interpretation of geologic history. 
This is not a freezing of what we measure, as 
some have claimed (Bell, 1959), but a freezing 
of the units by which we measure. And I think 
this constancy is what we want in any standard 
of measurement. Then we can proceed to ex- 
tend our systems and series, and _ stages, 
throughout the world as best we can to the 
extent that the sum total of our means of time 
correlation allows, with the assurance that we 
are all working toward the same objective 
within the same guide lines (Hedberg, 1959, 
p. 676). 


Our Present Chronostratigraphic Units 


The history of our presently existing named 
chronostratigraphic units is interesting. I shall 
comment here only on those units of major 
rank and supposed world-wide extent—the so- 
called systems—and on these only very briefly, 
paraphrasing some comments of mine many 
years ago (Hedberg, 1948). 

Most of our named systems were born in the 
early part of the last century. These divisions 
originated largely in western Europe at a time 
when the science of stratigraphy was in its 
earliest infancy, when the stratigraphic se- 
quences of only a very small part of the earth’s 
crust were known. Some of the systems were 
originally based on lithologic features thought 
to characterize rocks belonging to a particular 
interval of geologic time; others were simply 
designations applied to observed rock sequences 
in certain geographical areas; still others were 
introduced later as compromises to include 
intermediate disputed strata. In general the 
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bases for original definition were remarkably 
varied and haphazard; their order of establish. 
ment was without any relation to their position 
in time sequence; and certainly they were not 
the result of any preconceived master plan for 
chronostratigraphic zonation of the earth’ 
strata as a whole. Quoting from Stubblefield of 
Great Britain (1954, p. 153), where many of 
these systems originated, 


‘They were defined gradually and on variable and 
mostly empirical bases. Though some degree of 
paleontological unity . . . was sought, the dividing 
lines in general were taken at such major physical 
breaks, or changes in bulk lithology, as seemed to 
have regional significance.” 


See also Rastall (1944), R. C. Moore (1955, 
p- 547, 571), Spieker (1956, p. 1803), Weller 
(1960, p. 39), and others. 

However, granting that the named systems 
of our standard scale were created more or les 
at random in different places at different times, 
yet surprisingly enough they have worked quite 
well. From a multiplicity of originally proposed 
systems certain ones have emerged and have 
been accepted by stratigraphers in general 
because they have proved useful reference 
standards for geological time on a world-wide 
basis. Naturally, they are imperfect in many 
respects, and we might divide the chrono 
stratigraphic section quite differently if we had 
it to do all over again today. However, perish 
the thought that we should confuse the great 
work of the past by drastically changing our 
system divisions and their nomenclature now! 
On the contrary, I believe that we can continue 
to live quite comfortably with what we have. 
Only we must understand what it is that we 
really have inherited in our present systems— 
perhaps no more nor less than rather arbitrarily 
chosen reference units for expressing geologic 
age—and we must sharpen and define them 
better in terms of type sections of rock strata so 
that they may better serve this simple 
most useful function, regardless of any other 
significance they may have. 


Concept of World-Wide ‘‘Natural Breaks” 


Historically, most of the systems in their 
locality of origin contrasted strongly with 
adjacent ones through outstanding differences 
in lithology, structure, or fossil content, and 
their authors believed their boundaries to be 
indicative of ‘‘natural’” division points in eart 
history. (See Hedberg, 1948.) Perhaps even 
more than the originators themselves, their 
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immediate successors assumed these systemic 
units to represent distinct world-wide steps in 
earth history. Later work has now shown that 
most of the supposedly sharp breaks in the 
type areas were actually due to local changes in 
environment, or to unconformities and hiatuses 
that left gaps in the local stratigraphic sequence. 
Sedimentary sections have now been found 
elsewhere in the world filling in many of those 
gaps and completing a more orderly and con- 
tinuous sequence of fossils, on a world-wide 
basis, than was originally believed to exist. 
However, following the impetus of these early 
ideas, the highly attractive belief has persisted 
that the systems are ‘‘natural’” units marked 
off by relatively abrupt world-wide changes in 
earth history and in the evolutionary sequence 
of life forms. Although such good fortune might 
seem to some of us little less than miraculous in 
the light of the way the systems were originally 
established, still a coincidence of the present 
systems with these so-called ‘‘natural” breaks 
isaccepted by so many, and would be so con- 
venient if true, that its validity becomes of 
critical importance in its effect on our whole 
stratigraphic philosophy. (See good discussion 
in Dunbar and Rodgers, 1957, p. 302-307.) 
The question is: should we identify rocks 
throughout the world with a particular system 
on the basis of a certain concept of world-wide 
events or characteristics supposed to mark the 
“natural” limits of that system? Or should we 
be content to identify rocks throughout the 
world with a particular system on the more 
empirical basis of time correlation to the best 
of our ability with an established type of that 
system, regardless of any preconceived notion 
of what its world-wide characteristics or rela- 
tions to earth history should be? 


Evidence in Diastrophic Record for World-Wide 
“Natural Breaks” 


Let us briefly consider first the evidence for 
world-wide diastrophism as a ‘‘natural” basis 
for the separation of the present systems, es- 
pecially since diastrophism might be expected 
to be reflected both in lithology and in the 
sequence of life forms. 

Ina masterful address before this Society 12 
years ago, Gilluly (1949) shook the theory of 
periodic world-wide orogeny to its mountain- 
building roots. Gilluly (p. 562) noted that this 
theory had previously been questioned by 
‘Shepard (1923), Berry (1929), Von Bubnoff 
(1931), Arkell (1933), Woodring (1938), 
Spicker (1946)” and others. In a stimulating 
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paper with the intriguing title, Palaeozoic, 
Mesozoic, and Kainozoic; a geological disaster, 
R. H. Rastall (1944, p. 163), speaking in 
England, had said, 


‘Another point that is in much need of emphasis, 
particularly in this country, is that periods of 
orogeny are far from being world-wide. As a matter 
of fact they are distinctly local. When comparing 
the tectonic history of northwestern Europe with 
any area in the southern hemisphere, it would 
probably be much nearer the truth to say that the 
major revolutions alternate rather than synchro- 
nize. .. . It seems probable that orogeny was always 
going on somewhere in the world and still is.” 


More recently, Spieker (1956) has again 
vigorously and indignantly belaborea the theo- 
ry. Arkell (1956, p. 641) has said, 


“So far as our knowledge goes at present, it does 
not point to any master plan of universal, periodic, 
or synchronized orogenic and epeirogenic move- 
ments. The events were episodic, sporadic, not 
periodic. There was no ‘pulse of the earth’.” 


Gignoux (1955, p. 248) in rejecting Stille’s 
periodicity of orogeny has said, 


“Considered in the light of global unity, geological 
phenomena have obeyed neither the baton of an 
orchestra nor the rule of a geometer.”’ 


Likewise Tyrrell (1955, p. 411), after discussing 
Sonder’s geological cycle (geosynclinal phase, 
transgression phase, orogenic phase, continental 
phase) says, 


‘‘The use of Sonder’s scheme in this connection does 
not imply its full acceptance, or that it is applicable 
all over the earth. . . . It does not take into account 
the fact that the earth’s crust consists of dissimilar 
units, with different histories, and most probably 
with differing and non-synchronous geological 
cycles. Moreover, geological cycles do not always 
coincide with the standard geological eras. The 
great Russian platform, for example, has remained 
almost undisturbed since Precambrian time, and 
must have experienced a quite different cycle of 
events from those of geosynclinal and orogenic 
regions such as western Europe and eastern North 
America.” 


King (1955, p. 723) favors the thought 


‘‘that orogeny and epeirogeny were episodic rather 
than continuous; that episodes affected fractions 
of continents rather than whole continents or all 
continents; and that episodes may be expressed in 
one place by compression of the crust, in another 
by tension, at one place by orogeny, at another by 
epeirogeny.”’ 


Hawkes (1958), Holmes (1960), Kulp (1960), 
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and others have recently brought out evidence 
opposing the idea of abrupt periodic world-wide 
orogenies of a type that might serve as bound- 
ary markers for systems. Gastil (1960), how- 
ever, does see a concentration of radioactive 
age dates at approximately 200 million-year 
intervals which he suggests represents a cyclic 
distribution of broad periods of crustal adjust- 
ment. 


Evidence in Record of Organic Evolution for 
World-Wide ‘*Natural Breaks’ 


Let us now turn to the evidence for ‘‘natural 
breaks” on a world-wide scale in the record of 
organic evolution. The extremely valuable 
symposium on the Distribution of evolutionary 
explosions in geologic time, organized by Lloyd 
Henbest and published in the Journal of Pale- 
ontology (1952, p. 298-394), represented an 
effort to examine the evidence for abrupt 
world-wide changes in the paleontologic record 
which might appear to be the reflection of 
periodic world-wide diastrophism. I quote from 
Henbest’s conclusions (Henbest, 1952, p. 317): 


evidence from stratigraphic paleontology . . . 
indicates that the diastrophic theory and some of 
its corollaries that are applied to stratigraphy repre- 
sent greatly oversimplified and exaggerated infer- 
ence. . . . As we progress in filling gaps in strati- 
graphic records and reconstructing the history of 
the earth, the lines of evolution will emerge as para- 
mount and the gigantic synchronous pulses will be- 
come more diffused and obscure as integral proper- 
ties of earth processes.” 


J. S. Williams (1954, p. 1604-1605) suggests, 


‘World-wide ‘natural’ boundaries do not exist 
between geologic systems. A ‘natural’ boundary 
may exist in the limited area of the type section and 
in other areas, but not in all and probably not in 
most regions. Despite what seems to the writer to 
be rather general recognition of this situation, it 
seems that most geologists more or less uncon- 
sciously think in terms of some kind of a lithologic, 
faunal, or diastrophic break at systemic boundaries 
in local areas.” 


I quote also from Hawkes (1958, p. 318) 
who, summing up the evidence, including that 
from the Henbest symposium and the more 
recent Crust of the earth symposium, says, 


“It is recognized that there is a sensitive connexion 
between faunas and their environment. Changes in 
the temperature, composition, depth, circulation, 
muddiness, and the like of water have an influence 
on the nature, extent, and rate of speciation of 
marine animals. If, as seems highly probable, such 
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environmental changes have been in progress coy, 
tinuously on the earth throughout geological ting 
there would be no reason to expect organic evoly 
tion to show special advances at three arbitrary 
chosen periods such as the supposedly brief episodes 
of the Caledonian, Hercynian, and the Alp; 
revolutions—and it is now conceded that this ; 
not supported by the evidence. The long-ente 
tained idea that bursts of evolution coincided with 
these three episodes is on the way out.” 


On the other hand, Schindewolf (1954), 
Newell (1956, p. 97), and many others se 
abrupt paleontological changes at the bound: 
ries of the erathems which are ‘‘real, approxi 
mately synchronous, and are recognizable at 
many places in different parts of the earth,” 
So the subject is still far from being closed, 

Perhaps the most striking of all supposed 
“‘natural breaks” is that still enigmatic discon- 
tinuity that separates the highly fossiliferous 
rocks and complexly organized life of the 
Phanerozoic from the barren or very sparingly 
fossiliferous rocks and primitive life forms of 
the Precambrian. Even here, however, con 
clusions must be reserved until we better 
understand its nature. In many places sedi- 
mentary strata go down from the base of 
Cambrian fossils concordantly and in appar 
ently continuous sequence into the Precam- 
brian. Vicissitudes in the preservation of fossils 
and in environments of deposition probably 
make the ‘‘base of the Olenellus zone’ or the 
“‘base of Cambrian fossils” far from a world 
wide isochronous surface, and the supposed 
sharpness of the break may be greatly exag- 
gerated. 

I have mentioned the Ediacara fossil occur- 
rence in the Precambrian of Australia and I feel 
certain that before long other Precambrian 
finds will be made which wili tell us still more 
about this presently mysterious abrupt appear 
ance of complex life forms in our rock record. 
In the meantime, there is every reason to push 
on with the chronostratigraphic classification 
of the Precambrian to the best of our ability 
on whatever objective bases we can find. | 
would say amen to Harold James’ conclusion 
(1960, p. 113) that, 


‘although the immense duration of time and the 
lack of diagnostic fossils are formidable obstacles to 
overcome, the problems of stratigraphy and cor- 
relation in the Precambrian can and must be solved. 
Despite the difficulties, the Precambrian 1s not 4 
world apart; it contains the same kind of rocks a 

reveals the same kinds of geologic processes known 
from the record of younger eras; the same principles 
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apply and the same rules must be used. And as with 
rocks of the younger eras, stratigraphy and corre- 
lation are the very essence of understanding the 
geologic record.” 


Summation of Evidence Regarding World-Wide 
“Natural Breaks” 


Passing on from the evidence of diastrophism 
and organic evolution with regard to world-wide 
“satural breaks,”” we have already looked 
briely at the age significance of lithologic 
character, mineralogy, chemical composition, 
changes in sea level, igneous activity, uncon- 
formities, and other rock characters and 
features affecting rocks, and have found only 
a little therein on which to base a reliable 
world-wide chronology and much less on 
which to base ‘‘natural’’ world-wide chreno- 
stratigraphic divisions. Climatic changes and 
any other phenomena that may possibly result 
from extra-terrestrial influences might offer 
particular promise of sound world-wide ‘‘natu- 
ral” time-stratigraphic divisions; but here again 
evidence for recognition must lie in the strata 
themselves, and such evidence seems still too 
santy and conflicting to furnish us yet with 
any very practical basis of classification. 

Far be it from me to attempt to pass judg- 
ment on the mighty mass of objective data 
which must be evaluated to determine if, and 
ifso when and how, great world-wide ‘‘natural 
breaks” or revolutions may have taken place 
in earth history with sufficient impact and 
abruptness to have left their mark so clearly 
and so sharply in earth strata as to constitute 
the basis for ‘‘natural” world-wide chrono- 
stratigraphic divisions; and far be it from me 
toattempt to pass judgment on whether such 
breaks, if they do exist, coincide with our 
presently accepted systems. If this is what you 
expected me to do, you will be disappointed. 
AIlT can do is to rely on the work of those who 
have studied the evidence much more thor- 
oughly and much more understandingly than I. 
Ido not find agreement among them, but I do 
find so much well-reasoned judgment in opposi- 
tion that I must conclude, regardless of what 
may eventually be proved, that it has not yet 
teen demonstrated that world-wide ‘‘natural 
breaks” in the character and continuity of our 
strata exist at the scale of the presently accepted 
geologic systems, nor has it been demonstrated 
that the evidence at the boundaries of the 
present systems is such as to allow them to be 
considered as ¢he “‘natural” world-wide division 
ponts of the chronostratigraphic scale. 
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Views of USSR Stratigraphic Commission on 
Chronostratigraphic Classification 


Some of you here may agree with my con- 
clusions, some I know will not; but for those 
of you who do, it may be well to show that I 
have by no means been setting up a straw man 
to attack in your presence. As evidence thereof, 
I present the 1960 conclusions of the official 
Stratigraphic Commission (Interde- 
partmental Stratigraphic Committee of the 
USSR, 1960) purporting to represent the 
thinking of a vast group of distinguished 
geologists on the other side of the earth: This 
says in summary: 

1. The basic aims of stratigraphy are the age 
correlation of rocks and the construction of a 
single reference scale of geochronologic divi- 
sions and corresponding stratigraphic divisions 
for the entire Earth, based on so-called ‘‘natu- 
ral” steps or stages in the history of the physical 
development of the Earth and the evolution of 
organic life. 

2. The subdivisions of this single, so-called 
“‘natural” stratigraphic scale should be based 
on the totality of all lines of evidence, and 
therefore separate kinds of stratigraphic classifi- 
cation such as lithostratigraphic, biostrati- 
graphic, and chronostratigraphic are unaccept- 
able. 

3. The dividing of the history of the earth 
into the so-called ‘‘natural” steps is made pos- 
sible by the irreversibility of geologic phenom- 
ena and by their periodicity, most clearly mani- 
fested in the alternation of long-continued 
stages of slow and gradual evolutionary develop- 
ment with shorter stages of rapid transforma- 
tion in the face of the earth concomitant with 
great rearrangements in the internal structure 
of the earth’s crust. This periodicity is also 
manifested in alternations of large transgres- 
sions and regressions of the sea, in correspond- 
ing changes in the course of organic evolution, 
in changes in the processes of sedimentation 
and denudation, in changes in paleogeography, 
in changes in igneous and metamorphic ac- 
tivity, and in large tectonic movements of wide 
geographic range. 

4. The presently recognized systems are 
“‘natural” divisions generally characterized in 
their lower parts by a sequence from conti- 
nental to marine transgressive deposits and in 
their upper part by regressive deposits. Their 
boundaries are frequently characterized by 
angular unconformities, stratigraphic breaks, 
abrupt changes of facies, and evidence of igneous 
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activity. The systems are paleontologically dis- 
tinctive and are successively marked by the ap- 
pearance and wide development of new life 
groups of major rank. 

I think it is at once evident that the Russian 
approach to chronostratigraphic classification 
differs considerably in fundamental philosophy 
from that which I have favored in this discourse. 
The Russians would start with the assumption 
of the existence of world-wide ‘‘natural” steps 
in the historical development of the rocks of 
the Earth’s crust, more or less accordantly re- 
flected in all lines of stratigraphic evidence, and 
would then aim to fit the earth’s strata as well 
as possible into these steps. I would favor a 
more objective approach, which would start by 
classifying strata independently with respect to 
each of several kinds of stratigraphic criteria 
without the preconceived conclusion that any 
or all of these would show accordance with each 
other or with any ‘‘natural” over-all chrono- 
stratigraphic grouping of strata. If they did, I 
might rejoice, but if they didn’t I would feel 
no urge to make them do so. I would try to 
make chronostratigraphic units as significant of 
earth history as possible, but I would define 
them purely on the basis of type sections— 
stratotypes—and then would extend them 
throughout the world strictly on the basis of 
empirical time correlation with the stratotype, 
utilizing the sum total of available evidence of 
any kind for determining time equivalence. 
The Russian course is deductive; that which I 
favor is inductive. 

In a sense the Russian view retains somewhat 
the influence of the old catastrophists. Op- 
posed to the idea of the essential continuity and 
uniformity of change for the world as a whole 
is their idea of periodic world-wide breaks re- 
flected in world-wide changes in strata and 
their contents. Opposed to the idea that the 
boundaries of the generally accepted systems 
are rather arbitrary points is their view that 
they mark ‘‘natural” world-wide division 
points. Their concept is an attractive one and 
one which has long appealed to stratigraphers. 
It should not be passed over lightly, and the 
only point I wish to make is that [ (and per- 
haps you) have not yet been convinced that 
there is valid objective evidence for it, nor 
have I (and perhaps you) yet been convinced 
that there are valid theoretical reasons why it 
should be so. Certainly it is something that 
will eventually be demonstrated either true or 
false as our knowledge of world stratigraphy 
develops; meanwhile, it is fortunate that both 
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the Russians and we recognize the same stan/ 
ard systems and the need to establish for thes 
natural or artificial as they may be, designated 
type sections (stratotypes). 


SUMMARY AND CONCLUSIONS 


Probably few if any of our systemic bouni 
aries are adequately defined in type areas a 
the present time, and stratigraphic progress j 
impeded by gaps and overlaps at these bound to ins 
aries and by futile controversies over the jurass 
placement of strata. Our crying need is for th proof 
careful designation and universal acceptance off type. 
limits in continuous, type, or reference section} © Th 
which can serve as standards for these systems} Russi 
Without such definition we will have only end-f other: 
less argument and continued chaos. To obtain} may 
them for these world-wide units will require} who , 
world-wide co-operation—the establishment of} cutic 
stratotypes by international commissions off think 
qualified stratigraphers whose findings will have} which 
the support of an authoritative international | 
geological body. With a universally accepted} over, 
base of reference once fixed, these systemic] many 
boundaries can then be extended through time } terest 
correlation by any means available to us—fos-| drawi 
sils, radioactive age determinations, and what} histor 
not—around the world as best we can, but al } beaut 
ways with a standard reference to which we} quota 
can return in case of doubt or controversy. Our} Cyril 
systems thus delimited may be for many of ws] Socie! 
simply standard and universally understood called 
units of chronostratigraphic measurement and | :te to 
record, with nothing more holy about them classi 
than there is holiness in the mile, the foot, ot 
the meter. For others, they may be sacred 
chapters in earth history. It really matters not 
too much which, as long as we agree on the tes 
means of definition and the means of extension. } jrysty 

Overlaps we shall have to eliminate by a 
signment to one or the other of the overlapping 
systems. The gaps, as they are filled, can also 
be assigned to one or the other of the adjacent 
systems by adding to their standard reference } Ahre 
sections, or even by giving new names to the} 
intermediate strata if the situation justifies ] Arke 
The resolving power of our means of age de pat 
termination and time correlation is not so fine ( 
but that there will probably always be a greater bell, 
or lesser no-man’s land of strata of uncertain} “’, 
systemic assignment with varying distance 
away from the designated type or reference 
sections, but such is to be normally expected, 
and there is no need to strain facts to make 
sharp divisions of that which it is beyond out } Cox, 
power to divide. (See also Williams, 1954.) The} F 
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SUMMARY AND CONCLUSIONS 


succession of strata on the earth provides a 
spectrum of age similar to the spectrum of 
light, and there is no more crime in referring 
tostrata of uncertain age position between type 
Jurassic and type Cretaceous as Jurassic-Cre- 
taceous than there is in referring to a color 
midway between blue and green wave lengths 
in the light spectrum as blue-green. In fact 
this is much more accurate and scientific than 
to insist on a label of either blue or green or 
Jurassic or Cretaceous when there is no more 
proof of one than the other by reference to the 
type. 
The picture of stratigraphy typified by the 
Russian viewpoint and also accepted by many 
others is a beautiful one, and perhaps its validity 
may one day be demonstrated to those of us 
who prefer for the present to proceed more 
cautiously. On the other hand, I cannot but 
think that the more purely objective concept, 
which I have outlined, of a stratigraphy that 
aims to delineate the earth’s strata the world 
over, just as they are found, with respect to as 
many of their many features as may be of in- 
terest or utility, and then proceeds to the 
drawing of only such conclusions on earth 
history as the established facts justify is also a 
beautiful picture. I cannot help but repeat a 
quotation from the anniversary address of Sir 
Cyril-Hinshelwood (1958, p. x) to the Royal 
Society, to which Professor Hawkes (1959) has 
alled attention, because it seems so appropri- 
ate to the history of this matter of stratigraphic 
classification. It reads as follows: 


“What the true seeker after knowledge in his 
ieart desires is some simple design which he feels 
must underlie the facts. . . . The search for princi- 
ples which are aesthetically satisfying seems often 
strated by the complexity of nature; and the 
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conflict between imagination and austere regard 
for truth seems often to result in the passage of 
scientific theories through three stages. The first 
is that of gross over-simplification, reflecting partly 
the need for practical working rules, and even 
more, a too-enthusiastic aspiration after elegance 
of form. In the second stage the symmetry of the 
hypothetical systems is distorted and the neatness 
marred as the recalcitrant facts increasingly rebel 
against conformity. In the third stage, if and when 
this is attained, a new order emerges, more intri- 
cately contrived, less obvious, and with its parts 
more subtly interwoven, since it is of nature’s and 
not of man’s conception.” 


So, in conclusion, for my part I should pre- 
fer to continue to think of the stratigraphic 
record as a panorama—a picture that has 
changed continuously and profoundly as it was 
unrolled, but one in which the changes in its 
various individual features overlap and inter- 
grade and so blend that in the ensemble it is 
all one scene. Some parts, to be sure, are con- 
cealed from us today, but when we fully know 
the crust of our earth, both on the continents 
and under the oceans, the chances are that in 
one place or another the gaps in the rock 
record will be filled. Just as there is no sediment 
deposited unless there has been erosion some- 
where, so there is no sequence of rocks in the 
earth’s crust that is not somewhere equivalent 
to an unconformity or hiatus, and no uncon- 
formity or hiatus in the local record that may 
not somewhere be represented by deposits. 
Just as local clouds may obscure the continuity 
of our geographic panorama as we fly across the 
continent, so locally we have breaks and gaps 
in the rock record, but, for the earth as a whole, 
there still exists the continuous stratigraphic 
panorama. 
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Limnology and Amino-Acid Content of ' 
Some Lake Deposits in Minnesota, Montana, 


Nevada, and Louisiana 


Abstract: Sedimentary features and amino-acid 
content are described for several lakes in the Anoka 
sand plain, east-central Minnesota, other lakes in 
Minnesota, Flathead Lake, Montana, Pyramid 
Lake, Nevada, and Catahoula Lake, Louisiana. 

The limnology of the Anoka Sand Plain lakes is 
related to the characteristics of the ‘‘gray”’ sandy 
calcareous Mankato drift of the Des Moines lobe 
which underlies much of the sand plain; the ‘‘red,”’ 
less calcareous, Superior lobe drift which forms the 
eastern border of, and patches within, the sand 
plain has less effect on the lakes. 

The scarcity of varved Recent lake deposits in 
Minnesota is believed to result in large part from 
the reworking activity of benthonic organisms. As 
a result, measurements of some properties of the 
mixed bottom materials hae little chronologic 
significance. 

Free amino acids are rare or absent in the lake 
sediments, but amino acids ranging from less than 
2 ppm to more than 4000 ppm on a wet-weight 
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basis were obtained in acid hydrolysates of the sedi- 
ments. The amino acids probably occur as glutelin 
or scleroprotein types of proteins, as peptides, or 
tied to humic-acid substances in these sediments. 

Neutral peat deposits and well-humified organic 
lake deposits yield neutral and acidic amino acids in 
approximate proportions of 6:1; alkaline bogs and 
well-humified organic marls yield neutral and acidic 
amino acids in proportions of about 3:1; acid peats 
contain basic amino acids in addition to neutral and 
acidic types. Incompletely humified lake deposits 
yield variable proportions of all three types of 
amino acids. To the extent that the amino acids 
were involved in microbiological transformations 
in the accumulating deposits, the observed pro- 
portions of the amino acids are believed to be re- 
lated to their Zwitter ion properties. 

Lake sediments of low organic content generally 
yield small amounts of neutral amino acids but 
typically lack acidic or basic amino acids. 
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INTRODUCTION 


Samples of the bottom sediments of several 
lakes in Minnesota and elsewhere and of peat 
deposits have been analyzed for their content 
of combined amino acids. The writer believed 
that the variety of depositional environments 
represented by the lakes should produce 
marked differences in the proteinaceous sub- 
stances that accumulate in the sediments. The 
aim of the study has been to learn to what ex- 
tent the kinds and amounts of amino acids re- 
flect the depositional conditions. 

Maps of the lakes and brief descriptions and 
graphic presentations of features of the bottom 
deposits are presented. A classification of lake 
deposits previously used (Swain, 1956, p. 623) 
is followed in this paper. Chemical analyses of 
representative samples of the lake deposits are 
given. 

The amino acids in lake sediments of southern 
Ontario have been studied by Kleerekoper 
(1957); in peat deposits from Minnesota and 
Virginia by Swain, Blumentals, and Millers 
(1959); in lake sediments from Minnesota by 
Blumentals and Swain (1956) and R. W. 
Meader (1936, unpublished M.S. thesis, Univ. 
Minn.); in humic-acid preparations from soils, 
lignin, and Streptomycetes by Okuda and 
Hori (1954; 1956), Hayashi (1956), Bremner, 
Flaig, and Kuster (1955), Bremner (1955), 
Panel, Kalousek, and Smatlak (1954), Dra- 
gunov (1950), Dragunov and Bakhtina (1935). 


FIELD AND LABORATORY 
PROCEDURES 


The lake-bottom samples were obtained by 
means of an Ekman dredge or a Phleger corer. 
The samples were transferred to glass jars, and 
all except the Catahoula, Pyramid, and Flat- 
head samples were refrigerated. The amino- 
acid extractions of Fannie and Spectacle lakes 
were from air-dried samples; the others were 
from wet samples. The pH and Eh readings 
were obtained within a few hours after sam- 
pling. Sieve analysis and binocular-microscope 


studies were made of all the samples. Chemical 
analyses of some of the samples were made by 
the School of Mines Experiment Station, 
V. C. Bye, analyst, and the School of Chem- 
istry, W. C. Kuryla and O. Hamerston, 
analysts, University of Minnesota. 

The procedure for extraction and separation 
of the amino acids is as follows: 

EXTRACTION: (1) the number of millequiva- 
lents of HCl needed to neutralize 1 gm of 
sample is determined; (2) 25- to 500-gm 
sample to be extracted is treated with enough 
concentrated HCl to neutralize the samples; 
(3) 6 N HCl added to sample, and hydrolysis 
under reflux carried on for 24 hours; (4) mix 
ture centrifuged, supernatant decanted and 
saved, precipitate washed twice with distilled 
water, and washings combined with super 
natant; (5) combined solution reduced on a 
warm hot plate, then dried by transferring it 
to a flask attached to a filter pump, and heated 
to about 50° C over a water bath; (6) precipi- 
tate dissolved in 10-30 ml distilled water, 
centrifuged, poured off, and supernatant saved; 
precipitate washed with distilled water, added 
to supernatant, and dried (to eliminate any 
remaining HCl); (7) residue taken up in dis 
tilled water and passed through column of 
Dowex 50 ion-exchange resin; (8) water added 
until effluent pH is neutral and test for iron is 
negative (amino acids are now adsorbed on 
column and inorganic salts have been washed 
off column); (9) 2 N NHsOH added to columa 
to elute amino acids from column, using 45 
times as much ammonia solution as column 's 
high; (10) eluate reduced to dryness at 50° C; 
(11) residue taken up in exactly 5 ml of 10 per 
cent isopropyl alcohol and placed in labeled 
bottle. 

PAPER CHROMATOGRAPHY: (12) known 
amount of unknown isopropinol solution con 
taining amino acids spotted on Whatman No. | 
filter paper together with known amount of 
mixture of amino acids; generally, a total of 
1-5 lambda of each solution is spotted in suc 
cessive drops and allowed to dry to av 
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Shown are surficial geology and water analyses of lakes. A, total alkalinity; P, total phosphorus; N, 
total nitrogen; S, sulfate. Water analyses obtained from Minnesota Department of Conservation 
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FIELD AND LABORATORY PROCEDURES 


spreading of spot; (13) chromatogram placed in 
chromatographic chamber and suitable solvent, 
such as butanol:acetic acid: water (4:1:5 v/v) 
for 24 hours, after which it is taken from 
chamber and air-dried; (14) chromatogram 
stained by dipping it in solution of 0.25 per 
cent ninhydrin in acetone, dried in oven at 
50° C for 2 minutes, and stored in the dark; 
color comes out fully in several hours. 
QUANTITATIVE ESTIMATION: (15) developed 
chromatogram cut into strips, and both known 
and unknown sets of amino acids scanned with 
photometer such as Gamma Instrument Co. 
Chromaphor 1, used here; photodensity and 
area of each known and unknown spot de- 
termined and quantities calculated by area and 
density method (Block e¢ al., 1955, p. 72). 
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SUMMARY OF LAKES INVESTIGATED 
Lakes On and Near A noka Sand Plain, Minnesota 


GENERAL CHARACTERISTICS: The Anoka Sand 
Pain (PI. 1) is an area of sandy Mankato (Late 
Wisconsin) outwash, occurring principally in 
Anoka, Isanti, and Sherburne counties, Min- 
nesota, but extending as well into adjacent 
counties. During wastage of the Grantsburg 
ublobe of the Des Moines lobe of Mankato 
ke, meltwater flowing generally eastward 
formed a pitted sandy outwash plain. From 
this plain protrude several low islandlike areas 
ofted Superior lobe till and gravel and of gray 
Grantsburg till (Oosting, 1933; Cooper, 1935, 
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p. 42; Farnham, 1956, p. 55). Several lakes that 
occupy depressions on the sand plain, on the 
islands of red or gray drift, or in the St. Croix 
moraine lying east of the sand plain, were se- 
lected for this study. Further investigation of 
the bottom sediments is being conducted. A 
detailed study of an Anoka sand-plain lake has 
recently been completed by B. O. Thomas 
(1959, Ph.D. thesis, Univ. Minn.). 

GENERALIZED WATER COMPOSITION OF ANOKA 
SAND PLAIN LAKES: Water analyses of lakes on 
the Anoka sand plain and adjoining areas, ob- 
tained by the Minnesota Department of Con- 
servation, are shown in Plate 1. Although the 
sampling has not been detailed, and seasonal 
variations have not adequately been taken into 
account, several generalizations are possible 
from the data at hand. 

The total alkalinity is about 75-125 ppm in 
the sand-plain lakes and in lakes in the border- 
ing gray till. In the lakes of the partially red 
drift of the St. Croix moraine belt east of the 
sand plain, however, low values of total alkal- 
inity down to 15 ppm occur, and in general the 
alkalinity is lower in those lakes. This differ- 
ence is reflected to a certain extent in the 
water wells of the area; those in the sand plain 
and gray drift yield 200-300 ppm total alka- 
linity, whereas in the St. Croix moraine values 
of less than 100 ppm are found (Thiel, 1944, 
p. 96). 

The sulfate content of the Anoka sand plain 
lakes ranges from a trace to about 18 ppm, 
notably low values considering natural waters 
as a whole. The sulfate content is lowest in the 
middle of the sand plain, northern Anoka, 
southern Isanti and western Chisago counties; 
it is higher on all except the eastern margins of 
the sand plain. The sulfate is not relatively as 
low as the alkalinity in the St. Croix moraine. 
Few data are available on sulfate content of 
underground waters in and near the sand plain. 
Thiel (1944; 1947) records SO, values from 
water wells ranging from a trace to 20 ppm, 
from Paleozoic bedrock as well as glacial drift. 
The lake-water values therefore lie in the same 
general range as those of the well waters. The 
total phosphorus content ranges from 0.009 to 
0.3 ppm and perhaps averages about .02 ppm. 
It appears to be relatively higher toward the 
northeast and eastern sides of the sand plain 
but is very irregular. 

The total nitrogen in the Anoka sand plain 
ranges from 0.1 to 2.7 ppm. There is no ob- 
servable geographic effect on distribution of 
nitrogen in the sand plain, but the data may 
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be too few and the sampling seasonally too 
erratic to be of value. 

GREEN LAKE, CHISAGO counTy: This lake is 
formed in two ice-block depressions lying in 
Grantsburg gray till of the St. Croix moraine 
(Fig. 1). The lake is eutrophic; the total alka- 
linity is about 92 ppm with moderately high 
nitrogen and phosphorous content (Pl. 1). The 
bottom sediments (Table 3) consist of sand, 
peat, and silt near the shores and of diatoma- 
ceous copropel (gyttja) and silt farther from 
shore. The pH of the bottom water at the time 
of sampling was 7.5, the tops of 3-foot cores 
had pH values of 6.9-7.0, and the bottoms of 
the cores were 6.8. 

Redox potentials of the bottom water were 
+293 mv, of the tops of the cores +143 to 
+257 mv, and the bottoms of the cores were 
+137 to +149 mv. 

Inorganic chemical analyses of samples of the 
Green Lake silt and other lakes are given in 
Table 1, and carbon and nitrogen analyses are 
given in Table 2. Quartz and feldspar are the 
principal minerals, carbonates and organic mat- 
ter are low, and there is little evidence of 
authigenic mineral enrichment in the sedi- 
ments, except that resulting from the accumu- 
lation of diatom frustules. 

Samples of highly copropelic Green Lake 
sediments were collected for amino-acid de- 
termination in midsummer (Table 4). The 
amino-acid content of up to 41 parts per 10,000 
wet weight is the highest found in the lakes 
studied. The values for valine and glutamic 
acid perhaps are high, and alanine is unusually 
low in one of the samples (No. 6), whereas the 
value for arginine+histidine is high in the 
other samples (Table 4). 

CLEAR LAKE, SHERBURNE COUNTY: This lake 
occupies a small depression in the Mississippi 
Valley train (Fig. 2). It is surrounded by un- 
consolidated sand and resembles the sand-plain 
lakes. The bottom deposits are gray, flaky, 
copropelic, and shelly marl containing abun- 
dant ostracodes and gastropods in addition to 
several species of testate Protozoa and cladoc- 
erans. A water analysis in August 1954 showed 
147.5 ppm total alkalinity, 15 ppm sulfate, 
0.005 ppm total phosphorus, and 0.83 ppm 
total nitrogen. The lake is in a eutrophic-alka- 
litrophic stage and apparently is spring fed, as 
neither surface inlets nor outlets occur. The 
amino-acid content of the marls is compara- 
tively low, and alanine is atypically absent. 

FANNIE LAKE, ISANTI COUNTY: Fannie Lake 
represents an ice-block depression in the Anoka 


F. M. SWAIN—LIMNOLOGY, AMINO-ACID CONTENT OF LAKE DEPOSITS 


sand plain, close to a mass of Grantsburg gray 
till (Fig. 3). It probably also lies in an old drain- 
age way. The lake is in the late eutrophic stage, 
but the chemical characters are not known, It 
is thermally stratified in the summer with 
thermocline limits from 15 to 20 feet. The 
summer copropelic sediment of Fannie Lake 
accumulated a high content of amino acids, 
This higher value is in part due to the presence 
of measurable quantities of lysine, arginine 
and/or histidine, cystine, and others, which are 
less common in the more nearly completely 
humified sediments. 

BLUE LAKE, ISANTI COUNTY: This lake occu- 
pies an elongate ice-block depression in an old 
drainage course in red gravel and till of the 
(Lake) Superior ice lobe (Fig. 4). The lake had 
112 ppm total alkalinity in 1949. It is ina 
eutrophic-alkalitrophic condition. Although no 
thermocline was detected in August 1949, the 
oxygen content was very low in the bottom 
waters. That this condition generally has pre- 
vailed in the lake is reflected by the reduced 
state (negative Eh values) of the marly bottom 
sediments. Despite the abundant marl in the 
bottom sediments, the low total alkalinity of 
the lake waters probably indicates that the 
lake is changing from an early eutrophic toa 
late eutrophic stage. Marl deposition will 
progressively decrease, and the present low 
nitrogen and phosphorous content (PI. 1), at 
present subnormal for the region, will gradually 
increase. 

The relatively small amino-acid content of 
the highly organic Blue Lake sample suggests 
an advanced state of humification of the or 
ganic matter, although cystine is in greater 
amount than would be expected in highly de 
composed material. 

SPECTACLE LAKE, ISANTI county: This lake 
occupies a small, irregular, relatively deep ice 
block depression on the Anoka sand plain (Fig. 
5). The lake is thermally stratified; it is in the 
eutrophic stage with 100 ppm total alkalinity, 
0.58 ppm total nitrogen, and 0.07 ppm total 
phosphorus. The bottom sediments are unique 
among the Anoka sand-plain lakes studied in 
consisting primarily of sapropel. The small size, 
appreciable depth, and prolonged hypolimnion 
are responsible for the development of 
sapropel. The deposit is of geological interest 
because sulfate ion is absent in the lake water, 
and no HeS was detected in the bottom 
samples. Presence of these constituents 1s getr 
erally thought to be necessary for the forme 
tion of sapropels. 
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The amino-acid determinations of Spectacle 
Lake were made from an air-dried sample, 
which strongly suggests that the proteins and/ 
or humus that yielded the amino acids are 
stable under mildly oxidizing conditions. Total 
amino acids are relatively high and are charac- 
terized by atypically large amounts of low-Rf 
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Rush, and the bottom sediments are pre- 
dominantly sand. 

Cores in West Rush profundal deposits have 
sapropel at depths of 3 feet or more, overlain 
by marl and diatomite. This arrangement of 
layers indicates a pre-existing thermal strati- 
fication that disappeared as the deeper parts of 
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Figure 1. Green Lake, Chisago County, Minnesota, eastern edge of Anoka sand plain. Shown are surficial 
geology, sieve analyses of surface sediment, and bottom-sediment facies: finely stippled, lake peat; 
coarsely stippled, sand; cross-hatched, sapropel; vertically lined, diatomaceous copropel; horizontally 
lined, copropelic diatomite. Abbreviations: sy, sandy; si, silty; pty, peaty 


amino acids, such as cystine, arginine, and/or 
histidine. 

RUSH LAKE, CHISAGO COUNTY, MINNESOTA: 
The two horseshoe-shaped branches of Rush 
lake represent an ice-block depression in gray 
tll (Fig. 6). East Rush Lake lies in an ancient 
drainage course. West Rush is an unstratified 
tard-water lake with high total alkalinity (150 
ppm) and moderately high total nitrogen and 
total phosphorus (1.5 ppm and 0.32 ppm, re- 
spectively). Highly diatomaceous marls and 
marly diatomites constitute the profundal sedi- 
ments. The waters of East Rush Lake are 
iightly lower in all dissolved solids than West 


the lake were filled. Both lakes are in eutrophic : 
stages but not advanced. : 
The sample tested was low in amino acids, 
and aspartic acid is somewhat more abundant 
than in the other sand-plain lakes. 
EAGLE LAKE, SHERBURNE COUNTY, MINNESOTA: 
Eagle Lake is a shallow depression in the Anoka 
sand plain (Fig. 7). Its origin is uncertain, but 
it may represent part of a drainage course to 
the St. Croix Valley across the Anoka sand 
plain. The lake is unstratified and is in a 
eutrophic stage, with 120 ppm total alkalinity, 
10 ppm sulfate, 0.08 ppm total phosphorus, 
and 0.69 ppm total nitrogen. The bottom sedi- 
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ments are diatomaceous, silty copropelic marls 
grading to sandy marl in the shallower waters. 
The quantity of total amino acids is moderate, 
but the low-Rf acids, probably arginine and 
histidine, are unusually abundant. 

SOUTH STANCHFIELD LAKE, ISANTI COUNTY, 
MINNESOTA: This shallow lake occupies a de- 
pression of uncertain origin in the Anoka sand 
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tills of the Wisconsin Keewatin ice sheet, ay 
contains deposits of Lake Agassiz clay on j 
margins in several places. The lake is unstrai 
fied, not more than 40 feet deep, and its wate 
are in a eutrophic stage of organic productivity 
The waters of Zippel Bay contained, in {4 
107 ppm total alkalinity and 3.7 ppm sulfa! 
The profundal sediments consist of light-gray 
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Figure 2, Clear Lake, Sherburne County, Minnesota, just west of Anoka sand plain. 
Shown are sieve analyses of dredge samples (circles) and cores (columns), bottom- 
sediment types, moisture content (underlined numbers), and surficial geology. 
Abbreviations: i, insect parts; m, mollusk shells; ch, charophyte odgonia; p, testate 
protozoans; oca, candonid ostracods; ocy, cypriaid ostracods; w, pondweeds; dcy, 
cymbellaceoid diatoms; c, cladocerans; ferrug, ferruginous sediments; copro, 
copropelic sediments; 0, ostracodes, undifferentiated; d, diatoms, undifferentiated; 


abundant where underlined 


plain (Fig. 8). [he maximum depth is about 
10 feet, total alkalinity is 125 ppm, and sulfate 
is 3 ppm; the lake is in an advanced eutrophic 
stage. The bottom deposits consist of light- 
gray, silty, diatomaceous copropelic marl. The 
total amino-acid content is very low; alanine 
is the most abundant amino acid. 


Other Lakes in Minnesota 


LAKE OF THE WOODS, NORTHWESTERN MIN- 
NESOTA—ONTARIO: The large shallow depres- 
sion occupied by Lake of the Woods (PI. 2) 
represents a remnant of Pleistocene Lake 
Agassiz. The basin is formed in undifferentiated 
early Precambrian granites and metasedimen- 
tary rocks, is bounded on the south by morainic 


diatomaceous, copropelic sandy clay and silt 
Analyses of the total organic matter of Lake o 
the Woods sediments, made by the Minnesoti 
Bureau of Fisheries Research, show that qua: 
tities of 20 per cent or more are fairly common. 
No lamination was observed in Lake of th 
Woods cores. 

The amino-acid content of the Lake of the 
Woods sample was low, and glutamic acid 1 
more abundant than in most of the other lakes 

RAINY LAKE, ST. LOUIS AND KOOTCHICHING 
COUNTIES, MINNESOTA AND ONTARIO: Rail 
Lake occupies an elongate depression carv 
by glacial ice in granites and in highly mete 
morphosed early Precambrian  graywackt 
schists, mapped as Coutchiching (Lawsor, 
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1887) and as Knife Lake (Grout, 1925) (Fig. 
9), The narrow basins and intervening islands 
which make up Rainy Lake are aligned parallel 
to surface trace of the schistosity and to the 
major structural axes of the region. The dip of 
the schistosity is nearly vertical but inclined 
southeast; this results in very steep northern 
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ments occur in the 40- to 60-foot depths, the 
gray in greatest depths of water. The change in 
color is due to the state of oxidation of the iron. 
Cores of red surface sediments pass into gray 
clay at depths of 114-2 feet in the mud. 
Varving of the clay below depths of 2 feet 
was noted in several cores, the first such in- 


Explanation 


Sieve Anclysis 


1 > 2mm. 
2  2-074mm. 
.074 mm. 


Mosture % 
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/ Sandy morainic till 


LAKE FANNIE 

i ISANTI COUNTY 

| SECS 2,3,34,35; T35,36N;R.23W 
|| Bose map and bathymetry from Minn Dept Cons. Fisheries Res Unit 

SCALE 
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lopes offshore from some of the islands and 
entler southern slopes. Direction of ice move- 
ment presumably was southwest for the most 
part. 
In 1951 the lake waters in Cranberry Bay, 
fom which several of the bottom samples were 
tbtained, had 22.5 ppm total alkalinity, 0.8 
pm chlorides, and 0.6 ppm sulfates; these in- 
ticate a soft-water lake of oligotrophic nature. 
The bottom sediments near shore in Rainy 
lake are sand and boulders along the exposed 
toasts and lake peat and copropel in the bays. 
The profundal deposits consist of light-gray and 
¢-reddish-brown clay and silt. The red sedi- 


Figure 3, Lake Fannie, Isanti County, Minnesota, north-central part of Anoka sand plain. Shown are 
surficial geology, sieve analyses of dredge samples, bottom sediment types, and moisture content of 
surface sediments (underlined numbers). Abbreviations: d, undifferentiated diatoms; df, fragilaroid 
diatoms; c, cladocerans; w, pondweeds; ch, charophyte odgonia; wo, worm-tube sand aggregates; p, 
testate protozoans; ocd, cypridopsid ostracods; m, mollusk shells; ocl, cyclocyprid ostracodes; 0, ostra- 
codes, undifferentiated; abundant where underlined 


stance observed in Minnesota lake sediments. 
The stratification is due to silty and nonsilty 
layers and in part also to color variations; the 
coarser layers tend to be lighter colored. If the 
varves are seasonal, the average rate of deposi- 
tion as recorded in Core No. 4 is 2.56 mm per 
year. 

The amino-acid content of the Rainy Lake 
samples is low, and glutamic acid, alanine, 
valine, and leucine are predominant. 

KABETOGAMA LAKE, ST. LOUIS AND KOOTCHI- 
CHING COUNTIES, MINNESOTA: Like Rainy Lake, 
Kabetogama is a glacially carved basin in Knife 
Lake or Coutchiching schists (northern half) 
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and Algoman granite (southern half) (Fig. 10). 
‘The lake has a maximum depth of 50 feet and 
a mean depth of 20.7 feet but is subject to an- 
nual fluctuations of 10-14 feet caused by draw- 
downs for generation of electric power at In- 
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boulders, and peaty sand underlain by varyej 
clay on the shelves and of sandy diatomaceoy 
copropelic clay in the basins. The clay varyg 


occur paired in lighter-colored coarser laminge| 


and darker-colored finer laminae, ranging ig 


moraine fill 


Clayey terminal 


N 
Explanation 
BLUE LAKE 
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Figure 4. Blue Lake, Isanti County, Minnesota, central part of Anoka sand plain. Shown are surficid 


geology, types of bottom sediments, sieve analyses of sediments, moisture content (underlined number), 
pH and Eh values (in mv) of sediments. Circles are Ekman dredge samples, columns are core samples 
Abbreviations: p, testate protozoans; c, cladocerans; 0, ostracodes; e, egg cases; a, chlorophytic algae: 
d, diatoms, undifferentiated; copro, copropel; underlined where abundant 


ternational Falls. Since the lake water is 
typically brown and contains humus colloids, 
the lake is dystrophic. In 1946 total alkalinity 
was 45 ppm and total phosphorus .04 ppm. 
The waters have a heavy algal bloom in mid- 
summer. The bottom deposits consist of gravel, 


thickness of pairs from less than 2 mm to mort 
than 3 mm. Cladocerans are abundant in the 
profundal sediments and form large parts 0 
the sand-sized sieve fractions. 

The amino-acid content of the Kabetogam 
Lake copropelic sediments is low to moderate. 
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KABEKONA LAKE, HUBBARD COUNTY, MINNESOTA 
Shown are surficial geology, types of bottom sediments, and sieve analyses of sediments. Abbreviations are listed on map 
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Tyrosine occurs in greater abundance than in 
any other lake tested. 
PELICAN LAKE, ST. LOUIS COUNTY, MINNE- 
sora! This lake is classified by Zumberge (1952, 
31) asa bedrock basin partially dammed by 
glacial drift (Fig. 11). The lake is bordered by 
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The amino acids in Pelican Lake sediments 
are relatively low. The value for arginine+ 
histidine is higher than in most of the lakes 
studied. 

LAKE KABEKONA, HUBBARD COUNTY, MINNE- 
sora: A broad terminal moraine belt of one of 


Explanation 
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Figure 5. Spectacle Lake, Isanti County, Minnesota, northwestern part 
of Anoka sand plain. Shown are surficial geology, sieve analyses of 
sediments, types of sediments, moisture content of sediments. 
Abbreviations: d, undifferentiated diatoms; df, fragilaroid diatoms; 
dn, naviculoid diatoms; dco, cocconeoid diatoms; p, testate proto- 
zoans; i, insect parts; e, egg cases; fb, fish bones; w, pondweeds; c, 
cladocerans; sdy, sandy; diat, diatomaceous; sapro, sapropel; copro, 

copropel; abundant where underlined 


Knife Lake graywacke schist and Vermilion 
granites on the north and east and elsewhere by 
lacial till. The lake is about 18 feet in average, 
and 35 feet in maximum, depth. The bottom 
sediments and the localized heavy weed 
growth indicate that it is in an early eutrophic 
stage. The sediments consist of diatomaceous 
shelly copropel 2 feet or more thick which 


grades downward into pebbly sand and marl. 


the lobes of Wisconsin ice from the Winnipeg 
region extends east-west across central Hub- 
bard County (Pl. 3). Drainage into Leech 
Lake has proceeded across several presumed 
ice-block depressions in the moraine, of which 
Lake Kabekona is one of the largest. The lake 
attains a maximum depth of 120 feet. The 
waters are unusually clear, and the marly 
shelves support large stands of tall lake plants 


sand 
copropel 
|_| 
42 : = 
3 
marly, peaty sd. 24 
ER of sdy sopro 
| \ / \\\ 
sopg—_ ds = 
peaty 
= \ say 
2 copro /w, ress 
Ss 


534 


that present the underwater aspect of marine 
seascape. The shelf deposits consist of mol- 
luscan, ostracodal sands and shelly, peaty marl; 
the marl consists of flakes deposited around the 


stems of Characeae which accumulate in wig 
rows along the beaches. The profundal studic 
are pure fine-textured marls. 

The amino-acid content of the Kabekoufl re 
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e in winill Lake sediments is the lowest of any of the lakes 


al deposnffl studied. Glycine and alanine are the principal 
constituents. 
Kabekonll ENO LAKE, POPE COUNTY, MINNESOTA: This 


hallow lake occurs in ground and terminal 


prisingly small and may reflect the relative 
youth of certain lakes of this area. 

The amino acids of the Reno Lake sediments 
are low in total amount, a surprising fact in 
view of the copropelic character of the de- 


Explanation 
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| 
a8 
— copro mail | 
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= m 
83 | 
Sand , plain | 
Sieve Anoyses | 
4 > 2mm. | EAGLE LAKE 
§ SHERBURNE COUNTY 
T33 &34N. R27W. 
J % grovel \ map and bathymetry from Minn. Dept. Cons] 
| | Location of stations 
3 
1 oie Figure 7. Eagle Lake, Sherburne County, Minnesota, western part of Anoka sand 
g 


i “| moraine of the Des Moines lobe of the late 
| Wisconsin till (Pl. 4) and probably formed as a 
| result of irregular deposition of till. The waters 
ae eutrophic and characterized by high car- 
bonate and moderately high sulfate hardness: 
Be total alkalinity 432 ppm, chlorides 15 ppm, and 
sulfates 23 ppm. The bottom sediments consist 
of gray sandy copropel up to 2 feet thick, over- 
| lying light-gray sticky clay and sand. The total 
thickness of accumulative sediments is sur- 


~ 4 plain. Shown are surficial geology, types of bottom sediments, sieve analyses, 
H and moisture content. Abbreviations: 0, ostracods, undifferentiated; ocy, 
cypriaid ostracods; ocl, cyclocyprid ostracods; oca, candonid ostracods; dn, 
naviculoid diatoms; dm, melosiroid diatoms; df, fragilaroid diatoms; copro, 
s copropelic; sdy, sandy; d, diatoms, undifferentiated; underlined where abundant 


posits. The content of cystine is dispropor- 
tionally high, exceeded only by that of Blue 
Lake, Minnesota. 


Flathead Lake, Montana 


This large oligotrophic lake lies in Lake and 
Flathead counties, Montana, not far southwest 
of Glacier National Park (Fig. 12). The bottom 
sediments consist mainly of pale-gray and 
light-reddish-gray silty clay containing fragila- 


SAR. 


Figure 6. Rush Lake, Chisago County, Minnesota, northeastern part of Anoka sand plain. Shown are 

surficial geology, types of bottom sediments, sieve analyses of sediments, and moisture content. Ab- 
L breviations: v, vivianite; m, mollusks; ocl, cyclocyprid ostracods; ocd, cypridopsid ostracods; ocy, 
7 typriaid ostracods; oca, candonid ostracods; ocp, cyprinotid ostracods; ch, charophyte oogonia; dm, 
melosiroid diatoms; df, fragilaroid diatoms; dn, naviculoid diatoms; c, cladocerans; w, pondweeds; p, 
(estate protozoans; d, diatoms; o, undifferentiated ostracods; po, pollen; diat, diatomaceous; copro, 
copropelic; dc, coscinodiscoid diatoms; abundant where underlined 
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roid diatoms, pine pollen, and a few worms and 
arthropods. Facies of the lake deposits are re- 
lated to the source material and morphometry 
of the basin. Flathead River enters the north- 
eastern corner of the lake bringing pale-reddish- 


sediments are gray, owing to the reduced stay 
of the iron oxides. Gray colors prevail wey: 
ward into Big Arm Bay to near the west ex, 
of Wildhorse Island where they again becom 
reddish gray. The pH of the bottom sedimens 


) 
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Explanation 
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SOUTH STANCHFIELD 
LAKE 
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SECS. 4,5,8,9 T.36N.R.25W. 


SEC'S. 32,33 T37N.R25W. 
Base map and bathymetry from Minn. Dept. Cons. Fisheries Res. Unit 
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Figure 8. South Stanchfied Lake, Isanti County, Minnesota, northern part of Anoka sand plain. Shown 
are surficial geology, types of bottom sediments, sieve analyses of sediments, moisture content (under 


lined numbers), pH and Eh (in mv) of sediments. C 


ircles are dredge samples, columns are core sampiss 


Abbreviations: c, cladocerans; i, insect parts; oca, candonid ostracods; ocy, cypridopsid ostracods; m, 
mollusk shells, df, fragilaroid diatoms; v, vivianite; sdy, sandy; copr, copropelic, sd, sand; underlined 


where abundant 


gray sediments in which the iron oxides are at 
least partly in the oxidized state. These de- 
posits in part retain their color as far south as 
Yellow Bay. In the profundal area 300 feet or 
more in depth, west of Yellow Bay, the bottom 


is nearly neutral, 6.9-7.3, and the Eh values 
obtained in July 1958 all showed moderate 1 
ducing intensities which reflect the reduced 
state of the sediment. 

Although no cores were taken, the dredge 
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samples showed small masses of black sapropel, 
which suggest a layer a few mm thick at the 
present sediment surface. 

The amino-acid content of the Flathead 
Lake deposits is comparatively very low but is 
noteworthy for the variety of acids present. 


DISCUSSION 
Inorganic Composition of Lake Deposits 


The high content of manganese and rela- 
tively high iron content of the Cedar Lake 
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sediments, Wright County, Minnesota, co 
pared to other lakes of the same general ary 
indicates that these two elements are being 
concentrated authigenically in the hypolim 
netic sediments; other features of this hk 
were described earlier (Swain, 1956, p, 614), 
Except for the increased CaO content gj 
Kabekona, Cedar, and Rush lakes there is 
definite evidence of other extraordinary co. 
centration of inorganic substances in the lake 
studied. The SiOz may be concentrated in th 
lake sediments by accumulating diatom fru 
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Figure 10. Kabetogama Lake, west-central portion, St. Louis County, Minnesota. Shown are bedrock 
geology, types of bottom sediment, sieve analyses, moisture content, pH and Eh values of cores. Ab 
breviations: dm, melosiroid diatoms; cb, bosminid cladocerans; p, testate protozoans; po, pine pollet, 
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esota, conf tules, but this is very difficult to distinguish of the St. Croix moraine averages considerably 
eneral araf quantitatively from detrital quartz grains. lower than in lakes in gray calcareous drift and 
the sand plain. This is evidence that the sand- 


are 
Water Composition to Bottom . 

eh Relationship of “ae Drift i plain lakes are governed in part of their limno- 

f the lake Sediments and Enclosing Drift in Lakes on and logic characteristics by features of the gray 


6, p. 64” Anoka Sand Plain rather than red drift, although the latter occurs 
content yf As stated above, the total alkalinity of the in several places in the area (Pl. 1). A second 
there is noff lakes in partially red noncalcareous glacial drifts factor is the possible source of some of the lake 
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e bedrock are bedrock geology, types of bottom sediments, sieve analyses, moisture con- 
cores. Ab- tent, pH and Eh of core samples. Abbreviations: w, pondweeds; c, cladocerans; 
ne pollen; d, diatoms; m, mollusk shells; p, testate protozoans; ms, marly sand; copr, 
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Figure 12. Flathead Lake, Lake and Flathead counties, Montana. Shown are bedrock and surficial geology, 
types of bottom sediment, and pH and Eh of sediments. 
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waters in springs from the bedrock underlying 
the sand plain, in which the waters generally 
have 200-300 ppm alkalinity. In particular, 
high-carbonate sources of the underground 
waters are the Prairie du Chien group, Lower 


S Ordovician, and the St. Lawrence formation, 


Upper Cambrian, beneath the southeastern 
part of the sand plain. 

The sulfate content of the lake waters ranges 
within the limits of that of the underground 
waters of the area and reflects the generally 
low sulfate content of the glacial drift and bed- 
rock in this part of Minnesota (Moyle, 1954). 

The total phosphorus content of the sand- 
plain lake waters is intermediate between the 
digotrophic lakes of northeastern Minnesota 
and the fertile ponds of southwestern Minne- 
sota. As shown by Moyle (1954, p. 11) the total 
phosphorus shows marked variation seasonally 
instratified lakes because of a phosphorus cycle 
between water and sediment but is less variable 
in such shallow unstratified lakes as mainly 
occur in the Anoka sand plain. A relationship is 
supposed to exist between alkalinity and total 
phosphorus content (Moyle, 1954, p. 11); 
phosphorus is precipitated in the bottom sedi- 
ments at the higher pH values. There is no 
apparent correlation between marliness of the 
bottom sediments and phosphate content, as 
might be expected from the above suggestion: 
Clear and Blue lakes, described herein, are 
marl lakes with low total phosphorus, whereas 
Rush Lake sediments are high in marl, but its 
waters are high in total phosphorus. Local 
sources of phosphorus in bedrock or glacial 
drift may be of significance, but if they are it 
is difficult to understand how fivefold to ten- 
fold variation in phosphorus content can occur 
in nearby lakes lying in geologically similar 
glacial drift. The problem of phosphorus dis- 
tnbution needs much more study in this area. 

The distribution of total nitrogen in the 
und-plain lakes probably is related to that of 
phosphorus and other mineral nutrients as a 
function of the advanced stage of trophication 
inwhich most of the lakes appear to be. 


Swatification in Lake Deposits 


The principal patterns of stratification and 
icies changes in several Minnesota lakes were 
discussed in an earlier paper (Swain, 1956, p. 
832, 635-643). Major changes in vertical 
wtratification are caused by the inexorable 
progress of development of the lake. The num- 
ier and kinds of sedimentary strata of a given 
ke depend on many integrating factors. 


Varved lake deposits, characteristic of peri- 
glacial lakes, have been observed only in Rainy 
and Kabetogama lakes at depths of 2 feet or 
more beneath unvarved sediments. The Rainy 
Lake varves, because of slight textural and 
color differences in silt and clay, of seasonal 
origin, are probably characteristic of sedi- 
mentation in that lake in the early oligotrophic 
condition, before an extensive burrowing fauna 
developed. The writer believes that subse- 
quently the browsing and burrowing worms 
and crustaceans reworked the bottom muds 
and destroyed the varve pattern. No accurate 
determination of the time when trophication 
set in can be made, because the burrowing or- 
ganisms may have penetrated into older varved 
layers. 


Abundance of Individual Amino Acids 


The present data show little or no relation- 
ship between the lacustrine environment and 
quantities of individual amino acids preserved 
in the bottom deposits. The richly organic de- 
posits show a slight tendency to yield larger 
amounts of low Rf amino acids, such as arginine, 
histidine, and cystine. 


Source of Amino Acids in These Samples 


Free amino acids were not found in the lake 
sediments studied or were present only in small 
quantities. It was assumed, therefore, that the 
amino acids were present in proteins, other 
peptides, or perhaps linked or adsorbed to the 
humic-acid micelles (Swain, Blumentals, and 
Millers, 1959). Inasmuch as proteins soluble in 
water, salt solutions, and alcohol are not present 
or are rare in these samples, the proteins would 
be mainly glutelins and scleroproteins. The 
peptides and humic-acid-linked amino acids 
probably were derived from the other proteins. 


Degree of Humification of the Samples 


The lake samples can be classified as slightly 
humified, partly humified, or well humified, 
based on carbon-nitrogen ratios. The C/N 
ratios in marine plankton and in fresh marine 
sediments is about 9.3 to | or 9.4 to | (Trask, 
1939; Sverdrup et al., 1942, p. 1011); that of 
lithified sediments is 15 to 1 or 16 to 1. In the 
present work, values of <9:1, 9:1 to 12:1, and 
> 12:1 are taken roughly to indicate slightly, 
partly, and well-humified samples. 


Total Amino Acids 


The total amino acids in these lake and peat 
samples show a relationship to degree of 


| 4 
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humification as well as to total carbon. The 
poorly humified Green Lake sediments have 
about the same amino-acid content as Cedar 
Creek Bog peat but only 1/70 of the total 
carbon of the peats. The other lake samples in 
the partly humified state show a gradually de- 
creasing amino-acid content to correspond 
with decreasing carbon content, but the data 
are too few to allow definite relationships to be 


established. 
Neutral, Basic, and Acidic Amino Acids (Fig. 13) 


The peat samples from Cedar Creek Bog and 
Dismal Swamp are characterized by high per- 
centage of neutral amino acids (Fig. 13B), 70- 
100 per cent of the total amino acids'. The 
marl underlying the peat of Cedar Creek Bog 
is exemplified by lower percentages of neutral 
amino acids and larger amounts of acidic amino 
acids, down to the 26- to 27-foot layer of Cedar 
Creek Bog, wherein the marl content decreases 
and the organic content increases. The per- 
centage of neutral amino acids in the 26- to 27- 
foot layer is like that in the peats above the 
marl. The lower part of the peat in the Dismal 
Swamp samples shows increasing amounts of 
basic amino acids. These phenomena are be- 
lieved to be in part related to the dipolar 
(Zwitter ion) characteristics of the amino acids.” 

The neutral to slightly alkaline conditions in 
Cedar Creek Bog peat apparently favor the 
persistence, through processes of microbial de- 
composition, of nitrogenous compounds and of 
the neutral amino acids and acidic amino acids 
in the proportions of about 6:1 and allow the 
basic amino acids to be degraded through 


1The amino acids obtained by hydrolysis of proteins 
are alpha amino acids, in which the amino group lies next 
to the carboxyl group: 

CH2(NH2)COOH (glycine). 

The amino acids having an equal number of basic 
(NHe, NH) and acidic (COOH) groups are the neutral 
acids; those having several basic and one acid group are 
the basic acids; and those having several acid groups and 
one basic group are the acid amino acids. 

? The three forms assumed by a simple amino acid are 
illustrated in the following typical equilibrium equation: 


R R 
| NaOH 
CI-H3N+—CH—COOH = H3N+—CH—COO- 
HCl 
R 
NaOH | 
= 


HCl 
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Figure 13. Percentage distribution of neutnd, 
acidic, and basic amino acids in lake and peat 
deposits. Lake deposits numbered as‘ follows: |, 
Green Lake, station 6; 2, Green Lake, station); 
3, Fannie Lake, station 5; 4, Blue Lake, station 
5; 5, Spectacle Lake, station 5; 6, Rush Lake, 
station 8; 7, Eagle Lake, station 2; 8, Stanchfield 
Lake, station 5; 9, Clear Lake, station 1; If, 
Rainy Lake, station 1; 11, Lake of the Woods, 
station 3; 12, Kabetogama Lake, station 1; 13, 
Pelican Lake, station 1; 14, Kabekona Lake, 
station 5; 15, Reno Lake, station 12; 16, Pao! 
Lake, station 1 (Swain, 1956, p. 608); 17, Pyre 
mid Lake, station 18 (Swain and Meader, 1956 
p. 287); 18, Catahoula Lake, Louisiana; 19, Lal 
Ponchartrain peat, Louisiana. For peat deposits 
circles indicate depths in Dismal Swamp pét 
discs indicate depths in Cedar Creek Bog pe 

(Swain, Blumentals, and Millers, 1959, p. 120). 
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deamination by anaerobic bacteria*. In the 
underlying copropelic marl the alkalinity in- 
creases, and there is partial elimination of the 
neutral amino acids, also through deamination, 
and relative enrichment of the acidic amino 
acids. The latter are relatively more stable 
biochemically under alkaline conditions be- 
cause of the formation of base salts as explained 
above. 

The peats of Dismal Swamp are more acid 
than those of Cedar Creek Bog. Such condi- 
tions evidently favor the production of the 
acid salt forms of the amino acids; therefore 
the acid amino acids, having several carboxyl 
groups, would be more susceptible to bacterial 
degradation through decarboxylation, and the 
basic amino acids at the same time would tend 
to be preserved through formation of the 
stable-acid salt form. 

In summary the neutral bog environment 
appears to favor preservation of neutral and 
acidic amino acids roughly in the proportions 
6n:la, and the alkaline bog environment favors 
an increase of the proportion of acidic amino 
acids to provide a ratio of about 3n:la neutral 
to acidic amino acids; acidic bog conditions 
favor a preservation of some of the basic amino 
acids and is detrimental to preservation of the 
acidic amino acids, in the proportions 75- 
9n:5-15b:0-10a. These ratios would be ex- 
pected in bogs where stability of the peats and 
marls had been reached through the formation 
of humus, phenolic acids, and other preserva- 
tive substances. Draining of the bog or other 
changes that would disrupt its stability would 
produce resulting changes in the amino-acid 
suites, 

The lakes studied are diverse in type of bot- 
tom sediment and degree of humification of the 
organic matter in the sediments. The marl and 
calcareous-organic deposits of Blue Lake, Rush 
Lake, Stanchfield Lake, Reno Lake, and Big 


®Although the exact mechanism is uncertain, a possi- 
ble way for the amino acids to assume the stable salt 
form under natural conditions is: microbial decomposi- 
tion of proteins under anaerobic conditions breaks the 
peptide linkage between the individual amino acids; the 
freed amino acids are in part immediately utilized by 
other microorganisms, in part assume acid or base salt 
forms, depending on environmental conditions, and in 
part are further degraded; the stabilized salt forms enter 
into a ligno-humic complex, the properties of which 
depend on the original source material and the degree 
owhick humification has proceeded. 


Island Bog, Lake Minnetonka, have ratios of 
about 3n:la amino acids (Fig. 13A), and these 
sediments apparently were well humified at the 
time of sampling. The marly organic deposits 
of Spectacle Lake, Eagle Lake, and Clear Lake 
have high proportions of basic amino acids, and 
there was probably considerable unhumified 
proteinaceous material in the samples collected 
from those lakes. 

Alkalitrophic lakes, of which Kabekona 
Lake is an example, are characterized by rela- 
tively pure marl deposits but low total organic 
productivity because of low content of total 
nitrogen and total phosphorus. The total amino 
acids in Kabekona Lake are very low and are 
all neutral amino acids, despite the alkaline en- 
vironment. This is apparently a statistical mat- 
ter and results from the natural predominance 
of the neutral amino acids. 

Oligotrophic lakes such as Rainy Lake are 
characterized by slightly acidic waters, mod- 
erately high oxidation potentials, low phos- 
phorus and nitrogen content, and low total or- 
ganic productivity. Such lakes have low total 
amino acids, which statistically are mainly 
neutral types; basic amino acids are low to 
absent, and acidic amino acids are also low. 
Rainy Lake may also be considered dystrophic, 
since its waters are colored brown by humic 
substances. Introduction of humus into an 
oligotrophic lake results in the dystrophic 
type, not the late eutrophic type in which 
humic content is high but mineral substances 
have been depleted, and productivity as a re- 
sult declines. Conditions for preservation of 
the amino acids in Rainy Lake sediments are 
not favorable because of high oxidation po- 
tentials. 

Catahoula Lake represents an acidic environ- 
ment of high redox potentials unfavorable to 
the preservation of organic matter, although 
total organic productivity is greater than in 
Rainy Lake. The total amino-acid content of 
Catahoula sediments is low, and the neutral 
types statistically predominate. 

The lakes characterized by more or less 
neutral waters and low Eh values show large 
variation in amounts and types of amino acids. 
The important factors seem to be the kinds of 
plants and animals that contribute to the bot- 
tom material and the degree to which humifica- 
tion has progressed at the time of collection of 
samples. 

The apatotrophic lake (Pyramid), charac- 
terized by high total dissolved solids and sodium 
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alkalinity but low organic productivity be- 
cause of restricted biota, has an amino-acid 
ratio approximating that of the neutral peat 
bog (6n:la). 


SUMMARY AND CONCLUSIONS 


The writer examined the amino-acid content 
of a diverse suite of lake-bottom sediments. 
The amino acids necessarily were obtained by 
acid hydrolysis, because free amino acids are 
rare or absent. Glutelin, globulin, and sclero- 
protein types of proteins, peptides of pro- 
teinaceous origin, and humic acid-linked or 
humic acid—adsorbed compounds probably 
are the main sources of the amino acids in the 
sediments. Proteins soluble in water, weak salt 
solutions, or alcohol were not detected in the 
sediments. 

The lakes studied exhibit wide variation in 
bottom sediment (marl, peat, copropel, sapro- 
pel, sand, clay, silt, volcanic ash, glacial flour), 
in trophication (oligotrophic, eutrophic, dys- 
trophic, alkalitrophic, apatotrophic), depth, 
temperature stratification, pH, Eh, and other 
properties. At present relationship of bottom- 
sediment type to individual amino acids is not 
known. 

A possible relationship exists between the 
degree of humification and the C/N ratios in 
the lake sediments: ratios of <9:1 are taken to 
represent slightly humified sediments, 9:1 to 
12:1 partly humified, and >12:1 well humi- 
fied. There appears to be an inverse relation- 
ship between total amino-acid content and de- 
gree of humification of the sediments, but the 
data are inconclusive at present. 

The total amino-acid content of the wet lake 


sediments ranged from less than 2 ppm in th 
alkalitrophic lake to 0.4 per cent in a eutroph 
lake. The neutral amino acids, which statig 
cally exceed the acidic and basic amino acidsiy 
living substances typically are the most aby. 
dant in the lake-sediment hydrolysates, 

As microbiological humification proceeds 
sort of crude proportional stability of th 
neutral, acidic, and basic amino acids is reached, 
depending on diagenetic conditions. In neutn! 
to slightly alkaline peat bogs, neutral anj 
acidic amino acids are preserved in the » 
proximate ratio of 6n:1a; basic amino acidsay 
parently are degraded by bacterial action ip 
such environments. In organic marl depositsof 
eutrophic nature, the alkaline environmen 
favors the relative enrichment of acidic amin 
acids by base salt formation and degradation 
of the neutral amino and basic amino atid 
through deamination by bacteria; the resulting 
ratios are roughly 3n:la. Acidic peat bogs favor 
the preservation of the acid salt forms of th 
basic amino acids and favor decarboxylation of 
the acid amino acids. The resulting ratios in the 
acid bogs are 75-95n:5-15b:0-10a. 

Lakes that have a more or less unfavorable 
environment for production and/or presen 
tion of large quantities of organic matter~iz, 
alkalitrophic Kabekona Lake and evanescent 
acidic Catahoula lake—have low total amin 
acids, and statistically these are mainly neutrl 
types. 

Lakes in which humification is incomplete 
are marked by variable amounts of amino-acid 
types, as well as total amino acids, depending 
on the state of humification, total organi 
productivity, and biotic types. 
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Seismic Evidence Supporting a New Interpretation 


of the Cody Terrace Near Cody, Wyoming 


Abstract: Seismic studies of the Cody terrace com- 
plex bordering the Shoshone River near Cody, 
Wyoming, disclose: (1) no relationship between 
surficial terrace form and underlying bedrock 
topography; (2) irregular bedrock topography with 
relief up to 50 feet; (3) thickness of gravel and silt 
overlying bedrock averaging about 60 feet and 
reaching a maximum of more than 100 feet. These 
data suggest that the Cody terrace is an alluvial 
terrace, not a rock-cut terrace as previously postu- 
lated. 

Although interrupted by the Shoshone canyon, 
the gravel in the Cody terrace is believed to be the 
correlative of the gravel in the lower terrace com- 
plex in the South Fork valley which is traceable 
into valley-train deposits fronting the moraine 


at Ishawooa. The Cody gravel is therefore in part 
glaciofluvial. 

The Cody terrace was probably formed in three 
stages: (1) cutting of the broad bedrock floor be- 
neath the gravel during a period of lateral cutting 
and slow downcutting from the Powell surface; (2) 
deposition of a gravel fill to the height of the high- 
est Cody bench during a period of aggradation 
associated with advance of glaciers in the upper 
Shoshone Valley; (3) cutting of the benches of the 

y terrace in the fill by lateral planation and 
slow downcutting during and after retreat of the 
ice from the Shoshone drainage area. 

These results underscore the usefulness of seismic 
studies in geomorphic work. 
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Archeologic and paleontologic investigations 
at the Horner Early Man site 3 miles east of 
Cody, Wyoming, have revealed a large number 
of stone artifacts and bison remains having an 
antiquity of about 6900 years (Jepsen, 1953; 
Libby, 1954; Wormington, 1957). The Horner 
site is located on one of the levels of the Cody 
terrace, named and discussed by Mackin (1937; 
1948). Because of the intimate relationship be- 
tween the site and the alluvial deposits of the 


deposits was conducted by Moss in the sum- 
mers of 1951, 1952, and 1955. Bonini carried 


out seismic investigations in 1955. 
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DESCRIPTION OF TERRACES 


The western part of the Big Horn Basin 
around Cody, Wyoming, is dominated by 
flights of stream terraces formed by ancient 
changes in the regimen of the Shoshone River. 
Originating in the Absaroka Mountains, the 
Shoshone River flows eastward into the Big 
Horn basin through the narrow Shoshone 
Canyon separating Cedar and Rattlesnake 
mountains. From this point it follows an en- 
trenched meandering course past Cody to its 
junction with the Big Horn River 50 miles to 
the east. Lining its valley in the mountains 
and in the basin, but absent in part of the 
canyon, are two prominent river-terrace sys- 
tems (Fig. 1; Pl. I) named by Mackin (1937) 
the Cody aud Powell. 

The Cody terrace, of principal interest in 
this study, is not a single bench but rather a 
series of broad steps ranging from 120 to 190 
feet above present river level. Each step is 
underlain by coarse gravel commonly mantled 
by a 1- to 4-foot silt cap or by much thicker 
fan deposits washed from the higher Powell 
terrace. In general, the terrace treads become 
successively narrower from the highest to the 
lowest and are remarkably smooth. The risers 
range in height from 6 to 30 feet and display 
in plan view an arcuate pattern formed by a 
lateral-cutting meandering stream. East of the 
town of Cody the Cody terrace is about 2 
miles wide. 

Standing 70 to 100 feet above the highest 
Cody level is the Powell terrace, which is well 
preserved on both sides of the Shoshone. It is 
a broad gravel plain which before dissection 
was more than 3 miles wide. Unlike the Cody, 
its riser is dissected at intervals by intermittent 
streams which have deposited broad fans on 
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the upper Cody level. The Powell does not f way 20 
display the scalloped edge so typical of Cody the Coc 
terraces but rather has been trimmed into} with no 
broad sweeping curves during downcutting | Only it 
(Pl. 1). In contrast to the Cody, the Powell} demons 
has only two levels on the south side of the} risers a 
Shoshone. terrace 

Separating the Cody terraces from the pres} The | 
ent flood plain are a series of smaller terraces} similar 
called the ‘‘Inner Terrace Flight” by Mackin 
(1937). Because of the small width of this 
complex and the considerable downcutting J 
since deposition of the higher Cody gravel, the 
narrow more steep-sided valley lined by “Inner 
Terrace Flight” terraces contrasts strikingly 
with the open higher valley lined with Cody 
and Powell remnants. In addition, the terraces 4 
of the “Inner Terrace Flight’ generally are j 
more numerous and have narrower treads than 
the Cody terraces and at many places are cut 
in bedrock with only a thin gravel veneer. 
GEOLOGIC DATA 

Although there are many terrace remnants 
in the Cody area, undisturbed exposures re- K 
vealing their internal structure are few. 
Sulphur Creek and Sage Creek (Fig. 1) dissect \ 
Cody and Powell terraces, but their valley 
walls are so slumped that in only a few places N 
can either the stratigraphy or thickness of ter x 
race deposits be measured. Near the riverward \ 
edge of the Cody terrace and in the “Inner N 
Terrace Flight,” a few measurements of un F 
disturbed gravel are possible, but at these lo 
calities only part of the original thickness of 
Cody gravel remains. 

Thicknesses closer to the original thicknes from hi 
of the Cody gravel were measured at three } *veragu 
localities. In a gully cutting the west valley } well rox 
wall of Sage Creek at the Horner site 45 feet the ave 
of Cody terrace gravel is exposed. A com rocks, | 
parable thickness is visible in another gully | about | 
cutting the west valley wall of Sage Creek a of whic! 
quarter of a mile south of the Horner site. the Pox 
More than 80 feet of poorly stratified Cody sandier 
gravel is exposed beneath a layer of travertine latter ir 
on the north side of the Shoshone River a thitd f Powell. 
of a mile downstream from the Bronze Boot} In th 
bridge (Fig. 1, north of seismic location 16). about ¢ 

Because of the lack of exposures of a to 
gravel-bedrock contact, it is difficult to de § ton of 
termine from field evidence whether or not Shoshor 
the bedrock surface beneath the gravel paral F ork, 1 
lels the risers and treads of the surface terrace f longitu 
form. However, on the south side of the of the § 
Shoshone River at the junction of U.S. High § "s de 
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way 20 and the South Fork road, two levels of 
the Cody terrace can be seen cut in alluvium 
with no matching terrace form in the bedrock. 
Only in the “Inner Terrace Flight” can it be 
demonstrated conclusively in the field that 
risers and treads in the bedrock parallel the 
terrace form in the overlying gravel. 

The Cody and Powell gravels are generally 
dmilar in texture and composition. They range 
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maps and altimeter surveys. The altitude above 
present river level of the highest gravel visible 
in Cody and Powell terrace remnants was 
measured by hand level or altimeter. The 
position of the remnants and their gravels was 
plotted on the cross sections along the seismic 
traverses (Fig. 3) and at the appropriate loca- 
tion along the profile of the river (Fig. 2). 
Through long stretches the terraces are con- 
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Figure 1. Distribution of terraces and location of seismic traverses in vicinity of Cody, 


Wyoming 


from half an inch to 12 inches in diameter, 
averaging 4-6 inches. They are little weathered, 
well rounded, poorly stratified, and contain on 
the average more than 70 per cent volcanic 
rocks, 15 per cent limestone and dolomite, and 
about 10 per cent sandstone and shale, some 
of which is locally derived. They differ in that 
the Powell terrace near the Horner site has a 
andier matrix and is more calichified; the 
latter in this case implies a greater age for the 
Powell. 

In the hope of gaining more information 
about the source of the gravels and their rela- 
tion to the origin of the terraces, the distribu- 
tion of terrace remnants was mapped on the 
Shoshone in the Cody area and on the South 
Fork, its tributary above the reservoir. The 
longitudinal profile of the river from the source 
of the South Fork to the Horner site (Fig. 2) 
was determined from existing topographic 


tinuous, and tracing of the gravel is relatively 
simple. In other areas, particularly in the 
canyon and reservoir segments, difficulties 
were encountered. Throughout the first mile 
of the Canyon below the dam, no gravel could 
be found. In the next mile downstream, masses 
of landslide debris have largely covered what- 
ever terraces may have existed. Amid the 
debris, however, patches of gravel occur whose 
position and lithology correspond to the Cody 
terrace gravel farther downstream, and a 
reasonably certain correlation can be made. 
Farther down the canyon, both Cody and 
Powell remnants are present. 

Above the dam the reservoir waters cover 
about 4 miles of the valley. However, photo- 
graphs and maps prepared by the U. S. Bureau 
of Reclamation before inundation of the valley 
show a prominent terrace extending upstream 
from a point about a third of a mile above the 
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dam. At the inlet of the reservoir, this terrace, 
with gravel similar to that in the Cody terrace 
est of the canyon, emerges from beneath the 
water and becomes part of the lower terrace 
complex which can be traced upstream to, but 
not beyond, the broad Ishawooa morainal sys- 
tem (Fig. 2). A higher gravel terrace, resem- 
bling the Powell in the basin, is present in the 
South Fork valley. It too is traceable to, but 
not beyond, the Ishawooa moraine. 

Thus, two terrace complexes, lithologically 
similar to the Cody and Powell in the basin, 
line the valley of the South Fork of the Sho- 
shone above the Shoshone Canyon. Neither is 
continuous through the canyon, but the 
gradient of the higher appears to coincide with 
that of the Powell below the canyon, and 
remnants of it on the South Fork are traceable 
around the south end of Cedar Mountain to 
Powell remnants on Sulphur Creek (Fig. 1). 

The gravel of the lower terrace complex in 
the South Fork lithologically resembles Cody 
gravel in the basin. Like the Cody down- 
stream, this complex consists of several gravel- 
covered benches which can be traced con- 
tinuously for long distances, but not through 
the canyon. Remnants above the canyon do 
not stand so high above present river level as 
those downstream, apparently because the re- 
sistant granite in the canyon has limited down- 
cutting in the upstream segment of the river 
ystem. The thickness of the Cody gravel 
above the reservoir is generally less than in the 
Cody benches around Cody. It is probable that 
greater erosion in the narrower South Fork 
valley has removed some of the original gravel 
deposited above the canyon. In addition, the 
original thickness of Cody gravel may have 
been greater immediately downstream from 
the canyon than in the South Fork valley. 
During a period of aggradation, maximum 
deposition would occur at the point of maxi- 
mum gradient change between the steeper seg- 
ment in the granite canyon and the gentler 
gradient developed in the less resistant rocks 
of the basin. 

Approaching the Ishawooa moraine the 
gradient of the surface of the highest Cody 
terrace steepens, the gravel thickens, and the 
terrace deposits merge with the valley-train 
deposits leading outward from the moraine. 
The forward edge of the moraine appears to lie 
on the bedrock surface underlying the glacio- 
fuvial deposits. 

Upstream from the moraine no terrace rem- 
tants are present. The valley has a typical U 
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shape in cross profile, the bedrock valley walls 
extending uninterruptedly to the outwash and 
fan deposits of the valley floor. 

Rouse (1934), Mackin (1937), and Pierce 
and Andrews (1940) state that the Cody ter- 
race passes under the Ishawooa moraine and is 
therefore older. However, it is not entirely 
clear whether they are referring to the bed- 
rock step on which the gravel lies or the gravel 
itself. Because the moraine overlaps the bed- 
rock surface beneath the outwash gravel, the 
surface at that locality is apparently older than 
the moraine. The present authors believe, 
however, that the gravel in front of the moraine 
extending downstream to form part or all of 
the Cody gravel in the basin is genetically as- 
sociated with the building of the morainic sys- 
tem and should be classified as glaciofluvial in 
origin. 

A more detailed account of all the Shoshone 
terraces, particularly in the vicinity of Cody, 
will be published later in the report of the 
work at the Horner site. 


SEISMIC PROGRAM 
Method 


Subsurface exploration by use of the seismic 
technique was undertaken to determine (1) the 
thickness of the gravel on the Cody and Powell 
terraces and (2) the configuration of the bed- 
rock surface beneath the gravel. 

Twenty shallow reversed seismic-refraction 
spreads! were closely spaced along three lines 
perpendicular to the river (Fig. 1), so that de- 
tailed sections across the Cody terrace could be 
constructed (Fig. 3). Traverses were located so 
that they avoided fan deposits overlying the 
Cody gravel. For each spread a travel-time 
plot was made. For each location the seismic 
velocities of the gravel and bedrock and also 
the depths of these contacts were calculated 
according to the method of Ewing, Woollard, 
and Vine (1939) (Table 1). 


Interpretation 


Seismic velocities ranging from 6200 to 9200 
feet/second are attributed to bedrock. Bed- 
rock exposed in the valley of the Shoshone 


1 The reader is referred to Linehan (1952) and Dobrin 
(1952, Chap. 14) for excellent nontechnical descriptions 
of the method. In this survey a crew of three men was 
employed, and charges as large as 2 pounds of dynamite 
were fired. About four spreads were made per day, re- 
sulting in eight depth values. 
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River north of the profile lines (Pierce and 
Andrews, 1940) consists of tilted upper Cre- 
taceous Frontier, Cody, and Mesa Verde for- 
mations (Horner site and Coffman traverses) 
and Triassic Chugwater sandstone (Bronze 
Boot traverse). Similar velocities were ob- 
tained near wells in Elk Basin, Wyoming, 
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(spreads 1 to 5). The position of the wate 
table does not appreciably change the velocit; 
of bedrock, so no information about its Pos 
tion in bedrock could be obtained. 
Measurements against well data reported by 
many authors show that accuracy of th 
seismic-refraction method is within about 5{ 
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where bedrock is Cody shale, and from out- 
crops in the Cody area (spreads 9 and 16). 

Two layers were found which have a seismic 
velocity less than that of water—z.e., less than 
4700 feet/second. The lower of the two veloci- 
ties is probably that of the thin cover of silt, 
and the higher that of the undifferentiated 
gravel. 

Unconsolidated material saturated with 
water—i.e., below water table—would have a 
velocity approaching that of water. Spreads 8 
and 15 were located near fields undergoing ac- 
tive irrigation, and the higher gravel velocities 
recorded there appear to reflect a high content 
of water as contrasted with the dry areas 


Figure 3. Gravel-bedrock relationship revealed by seismic studies of Cody terrace near Cody, Wyoming 


10 per cent of the depth predicted. Thus depths 
reported in Table 1 would have maximum 
errors of about 6 to 10 feet. 


Significance of Results 


The seismic data from Table | are summar 
ized in Figure 3, which shows the seismit 
velocities (except the thin surficial layer), the 
depths at shot locations, and the geologic se 
tion. The velocity range of the gravel of the 
Cody and Powell terraces does not permit dis 
tinction between the two gravels. Correlation 
of the two gravels is not intended in Figure 3, 
but as they are seismically similar they both 
can be plotted as alluvial terrace deposits. 
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Taste 1. Principat Facts or Seismic MEASUREMENTS 
seismic spreads were shot at both ends resulting in calculated depths at each shot point. Spread orientation and % 
distance in feet between shot points for each spread (in parenthesis) is given in ‘‘Shot Point” column. Field location 
ofeach spread is shown in Figures 1 and 3. Seismic velocities given are calculated for each spread. 
Shot Seismic velocities in ft /sec Thickness Depth to _Elevation—feet above sea level 
point Silt layer Gravel Bedrock Vj, layer bedrock Surface Bedrock 
Vi V2 V3 (feet) (feet) 
1 E. (260) 1000 2850 6200 3 40 4852 4812 
1 W. 29 4852 4823 - 
2 NW. (260) 1000 2350 6800 5 33 4861 4828 
) SE. 6 32 4860 4828 
3.N. (270) 1100 2500 7080 6 43 4862 4819 
3S. 7 46 4862 4816 
4 N, (260) 2000 2750 7350 3 53 4878 4825 
4. 9 55 4879 4824 
5 N. (260) 1100 2630 6370 5 51 4881 4830 
5 S. 8 41 4882 4841 
6 N. (260) 1600 3400 6740 7 56 4885 4829 
6S. 7 67 4885 4818 
7 N. (260) 1000 3500 6800 6 55 4889 4834 
pe 6 45 4890 4845 
8 N. (260) 1800 4100 7140 a 82 4890 4808 
8 S. 7 30 4892 4862 
9 E. (200) 1400 2440 7870 S 33 4871 4838 
9 W. 37 4871 4834 
10 N. (260) 1600 2970 8100 4 43 4900 4857 i ae 
10 S. 2 43 4902 4859 ey) 
IN. (260) 1600 3000 6900 4 60 4920 4860 
lS. 3 47 4920 4873 
12. N. (260) 1600 2900 6820 4 60 4931 4871 
2 S. 3 71 4931 4860 
133 N. (260) 1600 2750 9200 4 65 4934 4869 
BS. 5 92 4935 4843 
4 N. (260) 1600 2550 7400 4 75 4940 4865 
4S, 4 48 4940 4892 
15 N. (260) 1500 4400 8600 14 88 5030 4942 
5b S. 9 110 5031 4921 
16 N. (200) RARE 2400 8250 se 18 5040 5022 
16 S. 14 5041 5027 
7 N. (200) 1300 3760 8480 4 66 5061 4995 
7S. 5 64 5061 4997 
8 E. (130) 3900 8900 56 5070 5014 
8 W. 58 5070 5012 
9 E. (390) 2800 9180 26 5090 5064 
9 W. 18 5090 5072 
, N. (260) 1850 3800 8670 25 73 5160 5087 
nS. 21 58 5160 5102 
From these profiles the following points are (2) The risers and treads of the terrace are 
evident: not matched by corresponding risers and treads 
(I) The average thickness of the gravel is in the bedrock. 
tbout 60 feet and reaches a maximum of more (3) The configuration of the bedrock sur- 
than 100 feet. face beneath the gravel is irregular with relief 
up to 50 feet. 


rt 
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DEVELOPMENT OF THE 
CODY TERRACE 


On the basis of the field and seismic evidence 
the authors believe that the Cody terrace com- 
plex was formed by the Shoshone in three 
stages: (1) cutting of the bedrock surface be- 
neath the Cody terrace while degrading from 
the Powell level; (2) deposition of most of the 
gravel of the Cody terrace during a period of 
aggradation; (3) cutting of successively lower 
benches of the Cody terrace in the previously 
deposited gravel during an interval of lateral 
cutting and slow downcutting. 

After deposition of the Powell gravel the 
Shoshone entered a period of marked degrada- 
tion. The river cut down about 90 feet, reach- 
ing the level of the base of the Cody gravel and 
leaving undisturbed remnants of the Powell 
gravel to form the present Powell terrace. Dur- 
ing this interval, the river and its tributaries, 
combining lateral cutting with downcutting, 
produced the broad bedrock surface on which 
the Cody gravel lies, including the channels 
which score the surface. 

Some of the Cody gravel may have been 
deposited during this episode of degradation. 
However, the total volume of gravel in the 
Cody deposit is so large and its thickness so 
great it seems improbable that it was all de- 
posited as the stream degraded. More plausibly, 
after reducing the bedrock to the level of the 
base of the Cody gravel the stream regime 
changed from degrading to aggrading, and 
additional gravel was deposited, attaining a 
thickness of more than 100 feet in some places 
and reaching the level of the highest bench 
of the Cody terrace. 

In the last stage of development, the load- 
discharge ratio changed again, and the stream 
reverted to slow downcutting with associated 
lateral cutting. During this episode the slowly 
degrading Shoshone cut in the gravel the 
broad terraces of the Cody complex and de- 
posited the silt overlying the gravel. Upon 
reaching the more resistant bedrock beneath 
the gravel, lateral cutting was restricted, and 
the narrower terraces of the Inner Flight were 
developed by the slowly downcutting stream. 

The changes in regimen postulated here can 
be logically related to advance and retreat of 
glaciers in the upper South Fork Valley. Field 
evidence linking the Cody gravel in the basin 
with the valley-train deposits in front of the 
Ishawooa moraine has already been cited. The 
great increase in load supplied to the river dur- 
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ing glaciation interrupted its degrading pattem 
and caused deposition of the gravel fill in th 
2-mile-wide segment of the valley at Cody, 
The seismic and field data are the most per. 
tinent evidence in the basin to support the 
change to alluviation; they show that succes. 
ively lower Cody terrace benches are cut ip 
gravel not bedrock. If degradation had not 
been interrupted by a period of aggradation, 
and the river had continued its slow down 
cutting, a series of thinly veneered terraces cut 
in bedrock would have been formed. 

During deglaciation, the load-discharge ratio 
of the river was again altered, and the stream 
reverted to its former regime of slow down- 
cutting coupled with lateral cutting. During 
this interval, however, lateral cutting was con- 
fined to the easily eroded fill, and the prom- 
inent display of Cody terraces was developed 
as the river slowly degraded. The fact that the 
terrace treads become narrower and the risers 
higher in successively lower terraces indicates 
that the ratio of downcutting to lateral cutting 
steadily increased. 


CONTRAST WITH MACKIN’S 
THEORY OF TERRACE ORIGIN 


The conclusions reached here are based on 
field and seismic data not available to Mackin 
(1937; 1948) when he made his original in- 
terpretation of the origin of the terraces in the 
area. He believed that each of the successive 
benches of the Cody terrace consisted of a 
channeled and fluted, but essentially flat, rock 
floor thinly mantled by alluvium, with the 
planed bedrock surface on which the gravel 
rested paralleling the surface of the gravel 
sheet. The surficial terrace form was therefore 
matched by a parallel terrace form in the bed- 
rock. He postulated that the Cody terraces 
were rock-cut terraces formed by slowly down: 
cutting laterally swinging graded streams. 

The present authors agree that in gener 
from Powell time onward the Shoshone has 
been in a degrading cycle in the western margin 
of the Big Horn basin. However, unlike 
Mackin, they believe that a period of aggrade 
tion represented by deposition of much of the 
Cody terrace gravel, and related to glaciation 
in the mountains, interrupted this cycle. In 
returning to slow downcutting after glaciation, 
the river cut the benches of the Cody terrace 
in the alluvial fill, More properly the Cody 
terrace should be included in ‘‘the alluvial 
terrace” category of Leopold and Millers 
classification (1954, p. 3-6). Considered in its 


entiret 


Manus 


| | | this cas 
CONC 
The 
geophy 
produc 
thickn 
rock fl 
| Cod: 
lative 
morain 
fluvial 
Dobrin 
43! 
7 me 
: 
3 Leopolc 
| Ge 
Libby, 
Pu 
— 19 
Pa 
Rouse, 
Jor 
Se 


filler’s 
in its 


CONTRAST WITH MACKIN’S THEORY OF TERRACE ORIGIN 


entirety the Cody terrace is a ‘‘fill terrace,” 
and the individual steps are cut terraces, in 
this case cut in fill. 


CONCLUSIONS 


The results underscore the usefulness of 
geophysical studies in geomorphic work. They 
produced valuable information on gravel 
thickness and the configuration of the bed- 
rock floor beneath the gravel. 

Cody terrace gravel in the basin is a corre- 
lative of the outwash plain fronting the 
moraine at Ishawooa and is classified as glacio- 
fluvial in origin. 
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The Cody terrace was formed in three stages: 

(1) Development of the broad bedrock 
floor beneath the Cody gravel by the Shoshone 
and its tributaries during a period of slow 
downcutting and lateral cutting after deposi- 
tion of the Powell gravel; (2) deposition of 
most of the Cody gravel during a period of ag- 
gradation associated with glaciation in the 
upper Shoshone valley; (3) cutting of the suc- 
cessive benches of the Cody terrace in the 
previously deposited gravel fill during and 
after retreat of the ice from the Shoshone 
drainage basin. 
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Structure of the 


Glenarm Series in Chester County, Pennsylvania 


Abstract: The rocks of the Glenarm series in 
southeastern Pennsylvania, of probable Paleozoic 
age, show strongly overturned and locally re- 
cumbent folds. Detailed mapping of structural 
features indicates that not only the bedding but 
also the cleavage and axial planes of folds have 
undergone deformation which increases in intensity 
from northwest to southeast along with increasing 
grade of metamorphism. These observations, to- 
gether with the outcrop pattern, point to large- 
scale refolding of earlier folds; recumbent structures 


result from the warping of axial planes that origin- 
ally had steeper dips. This structure accords with 
the pattern of folding of unquestioned Paleozoic 
rocks in the adjoining Philadelphia area without 
recourse to the hypothetical ‘‘Martic overthrust.” 

The writer suggests that the late-stage deforma- 
tion is related mechanically to the change in strike 
of the Appalachian belt; the belt strikes generally 
north-south in New England and Virginia but is 
nearly east-west in Pennsylvania. 
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The age of the Glenarm series in Pennsyl- 
vania, Maryland, and Virginia and the related 
problem of the ‘‘Martic overthrust” have been 
‘controversial subjects for years. For certain 
tical parts of the area structural details are 


between Lancaster County and the Phila- 
delphia district published maps show only 
simple dips and strikes, and even these are 
unrecorded throughout a large part of the 
interval. This paper records the attitudes of 
cleavage, axial planes of minor folds, and 
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plunges of fold axes and of lineation for about 
250 square miles near the southeastern corner 
of Pennsylvania (Fig. 1). Nearly all of the 
area is in Chester County, but its southeast 
corner extends into Delaware County, Pennsyl- 
vania, and Delaware State. 

These local observations lead to an in- 
terpretation involving deformed axial planes 
and recumbent folds, features that may be 
more common than is now generally recognized 
in other parts of the Piedmont as well. Al- 
though alternative interpretations are possible, 
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The Cambrian to Ordovician limestones an 
dolomites that localize the Chester Valley jj 
upon these rocks, the whole sequence form; 
the south limb of the Mine Ridge anticline 
South of the limestones, the Wissahickon 
formation, part of the Glenarm series, appear 
in the Peach Bottom syncline. It overlies th 
limestones in apparent conformity, alth 
according to official U.S. Geological Survey 
interpretation the contact is the site of th 
‘‘Martic overthrust.” From here southward 
and eastward to the Coastal Plain, Glenarm 
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Figure 1. Index map of southeastern Pennsylvania. Shows location 


of maps in this paper 


the writer is convinced that no tectonic scheme 
that is lesser in magnitude or complexity can 
reconcile observations in this area with a con- 
sistent mechanics of deformation. 
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GENERAL GEOLOGY 
Geographical Setting 


The Glenarm series occupies most of the area 
south of the Chester Valley, a remarkably 
straight topographic feature 50 miles jong, part 
of which is included in Figure 2. North of the 
valley is Mine Ridge, composed of Precam- 
brian rocks overlain by quartzites and schists. 


formations adjoin and surround pre-Glenarm 
rocks. The present paper is largely concerned 
with the complex structure of this Glenarm 


belt. 


Pre-Glenarm Rocks 


Areas of rocks older than the Glenarm series 
in the area consist chiefly of hornblendic and 
biotitic gneisses mapped by Bascom (én Bascom 
and Stose, 1932) as Baltimore gneiss, together 
with more mafic material designated as gabbro, 
which has been invaded and locally met« 
morphosed by granite (Watson, 1936; Watson 
and Wyckoff, 1951, p. 1, 13). 

For brevity, although not always with strict 
accuracy, the rocks of this pre-Glenarm com 
plex will be referred to collectively as Balti 
more gneiss. Their structure is highly com 
plicated: plunges of folds and attitudes of axial 
planes are much less uniform than those in the 
Glenarm rocks, although close to contacts the 
attitudes of foliation in the two series are get 
erally essentially parallel. Brace (1958) has 
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amply demonstrated that deformation of a 
hasement complex along with a younger mantle 


can obliterate evidence of an unconformity. 
Glenarm Series 
Sequence of formations. The writer uses the 


term Glenarm series and the names of the 
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(1946, p. 83) suggest that the Wissahickon 
formation is an allochthonous sheet that has 
been thrust upon the Cockeysville and older 
formations. 

In the Chester County area no evidence 
known to the writer positively supports the 
hypotkesis of exotic derivation of the Wis- 
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AN Shenandoah limestones [ev] Cockeysville marble 
[sp] Serpentine Setters quartzite 
\ Baltimore gneiss and gabbro Generalized attitude of cleavage 


and 6E indicate lines of sections on Figure 


mations composing it in the same sense as 
Bascom and Stose (1932). His work confirms 


"that the sequence is as follows: 


Maximum 
Formation General Nature Thickness} 
eters Creek Micaceous schist with 
: thin quartzitic beds 2000 feet 
j-|WVissahickon Phyllite, grading with 
metamorphism to schist 
and mica gneiss ? 
Cockeysville Marble 1700 feet 
Setters Quartzite and associated 
schists 1000 feet 


Differing with this sequence, Stose and Stose 


Figure 2. Structural features, Coatesville-West Chester district. Letters 6W, 2W, 2E, 


12. See also Figure 11. 


sahickon formation. Where the whole sequence 
is present, the Baltimore gneiss, Setters, 
Cockeysville, and Wissahickon formations are 
present in the order named, whether in nor- 
mal or inverted attitude. 

It is true that on extended stretches of con- 
tact, the Setters and in places both the Setters 
and Cockeysville are thin or missing, a dis- 


1 The writer recognizes that in regions of close folding 
present measurements can have little relationship to 
original thickness. New observations from the noses of 
plunging folds are given here chiefly because other 
authors have cited thicknesses as evidence for or against 
certain correlations. 
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cordance that Bascom (in Bascom and Stose, 
1932, p. 10) attributed to overlap. It can 
hardly be a coincidence, though, that the ab- 
sence of Setters and Cockeysville is most com- 
mon on overturned northern limbs of anti- 
clines, and that one or both of the formations 
are present on the south limbs of the same anti- 
clines except on the West Chester prong where 
both formations are absent on the south limb 
as well. As shearing out or extreme attenuation 
of formations on overturned limbs of folds is 
common, the writer would attribute absence of 
formations mainly to this cause rather than toa 
prefolding fault. Local overlap cannot be ex- 
cluded as a contributing cause and may explain 
the absence of Setters and Cockeysville on the 
south limb on the West Chester prong. 

Since every sizable area mapped as Wissa- 
hickon formation is separated from Baltimore 
gneiss along some part of its boundary by Set- 
ters and/or Cockeysville, it is unlikely that any 
rocks mapped as Wissahickon are pre-Glenarm. 
South and east of the area described, however, 
and particularly near the southern border of 
the Coatesville quadrangle, the notable dis- 
crepancies between published maps indicate 
that much Baltimore gneiss has been mapped 
as Wissahickon or vice versa. 

Even if the Wissahickon in the Chester 
County area is an allochthonous thrust sheet, 
the thrusting must have taken place before the 
main folding, as the Wissahickon and Peters 
Creek formations have been closely folded 
along with the Cockeysville and underlying 
rocks. Thus for purposes of structural inter- 
pretation the sequence would be virtually the 
same as if it were a stratigraphic one. 

Igneous rocks. Aside from dikes of Triassic 
diabase, the rocks of igneous origin within the 
Glenarm series are serpentine and pegmatite 
and mafic material mapped as gabbro (or 
metagabbro). 

Serpentine, evidently derived from perido- 
tite, occurs as a number of lenticular areas up 
to 2 miles long. With possible exceptions, the 
serpentine is along zones of regional shearing 
and is itself strongly sheared. Although a few 
serpentine bodies are within pre-Glenarm rocks 
and others are surrounded by Wissahickon 
formation, such bodies are typically found at 
intervals along contacts between Wissahickon 
and Baltimore gneiss where Setters and Cock- 
eysville are missing. The serpentine is thus 
older than regional deformation or at least 
older than part of it. 

Pegmatite occurs in a few sill-like bodies up 
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to 25 feet thick and 3 miles long, some of whic) 
have been mined for feldspar (Bastin, 1910) 
None of them occur in the chlorite zone of 
metamorphism. 

Numerous small and predominantly co, 
cordant lenses of pegmatitic texture occur it 
the Wissahickon formation in the middle- an 
high-grade zones of metamorphism. Theg 
lenses are evidently of local derivation, as the; 
consist of the same minerals as the enclosing 
rocks, the actual minerals present depending o 
the degree of metamorphism. In the chloriti 
zone, pegmatites are sparse or absent, but vein 
and lenses similar in shape to the pegmatit/ 
lenses of the higher-grade zones consist ¢ 
quartz, carbonate, and, in some cases, albite, 

Rocks mapped as gabbro and metagabbr 
now mostly hornblende gneisses and amphibo 
lites, occur within the Wissahickon formatioy 
as narrow bands or belts elongated with th 
structural trend. The writer has seen none tha 
have clearly recognizable intrusive relation 
ships. Ward (1959, p. 1442) notes that all con 
tacts between amphibolite and the Wiss 
hickon formation near the nearby Wilmingtor 
complex are concordant, and he tentatively 
suggests volcanic origin for the amphibolites, 4 
suggestion that the writer (McKinstry, 1949 
p. 879) has offered for some of the gabbros ia 
the Chester County area. 

It seems significant that no metagabbr 
bodies are found in the zone of low-grade mete 
morphism. In the low-grade zone a_possibl 
equivalent is a band of greenstone schist which} 
may merit description, as it has not been noted 
in earlier publications. It is within the biotite 
zone close to the margin of the garnet zone. 

The greenstone schist is exposed in a smal 
quarry on the left bank of the Brandywine 
0.45 mile west of Harvey’s bridge, which is 1. 
miles northwest of Embreeville (PI. 1), andia 
a quarry 0.3 miles farther north on the road to 
Romansville. The rock is a lustrous dark-green 
schist consisting of minute contorted layers 
distinguished by varying proportions of mitr 
eral constituents, but the layering is nearly ob 
scured by the prominent schistosity. The roc 
is composed of very fine-grained matted aciculat 
amphibole together with epidote, plagiocls 
(Anjs_20), biotite, chlorite, and quartz. 

This rock, having the mineralogy and tex 
ture of a layered tuff, would be represented i 
the high-grade zone by hornblende gneiss It 
is thus possible that some amphibolites are vol 
canic rocks interbedded with the Wissahickon. 
Not all the amphibolites are necessarily of 2 
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STRUCTURAL FEATURES COATESVILLE-WEST CHESTER DISTRICT 
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single age, and those near margins of the 
Wissahickon may, as Ward (1959, p. 1457) 
suggests, be of pre-Glenarm (Catoctin?) age 
and interfolded with Glenarm rocks. It is by 
no means certain at present that any gabbros 
or metagabbros in the Chester County area are 
post-Glenarm intrusive rocks. 


Age of Formations 

The Baltimore gneiss is clearly Precambrian, 
4s it is overlain unconformably by Cambrian 
quartzite in the Philadelphia area. The age of 
the Glenarm series (Precambrian or Paleozoic?) 
is a controversial question whose history has 
been reviewed elsewhere (Cloos and Heitenan, 
1941; Swartz, 1948; Eardley, 1951). Although 
the writer (McKinstry, 1930) has long main- 
tained that the Glenarm is Cambro-Ordovican, 
its actual age is not vital to the present analysis 
except in regard to broader regional correlat.on 
considered briefly in the latter part of this 

determinations (Wasserberg, Pettijohn, 
and Lipson, 1957; Tilton e¢ a/., 1958; Kulp and 
Long, 1958) for presumably equivalent rocks 
in Maryland indicate that the Baltimore gneiss 
was crystallized or recrystallized 1000 to 1100 
million years ago and that the Glenarm series 
was recrystallized about 330 million years ago. 
At this same time micas in the Baltimore gneiss 
were recrystallized. These determinations, of 
course, establish only minimum ages for the 
respective series. 


TERMINOLOGY 


In describing the structure of tight recum- 
bent folds and, in particular, those whose axial 
planes have been deformed, it is convenient to 
use certain terms that are not commonly re- 
quired for simpler structures. 

: Stratigraphic anticline is used for a fold in 
which the oldest formation is on the inner side 
regardless of the attitude of the limbs (Mc- 
Kinstry and Mikkola, 1954). 

Structural anticline indicates a fold having 
anticlinal shape regardless of the relative ages 
of the beds that compose it. 

Corresponding terms are used for synclines. 
Thus ordinarily an anticline is both a strati- 
graphic and a structural anticline, but if it is 
overturned beyond the point of recumbency, 
it becomes a structural syncline. By the use of 
the modifier ‘“‘structural” it is possible to de- 
«ctibe a fold geometrically without implication 
a to stratigraphic relationships. 

Lineation is used in this paper for any linear 
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structure visible in an outcrop. Its origin is not 
everywhere clear, but where both lineation and 
plunge of local folds can be observed, the two 
are essentially parallel. In the Peters Creek 
formation, lineation usually parallels the inter- 
section of cleavage and bedding; in mica gneisses 
it marks the intersection of two or more ill- 
defined cleavages. In the phyllitic facies of the 
Wissahickon formation it is ordinarily the in- 
tersection of foliation with postfoliation shear- 
ing. 

Lineament is used for a relatively straight 
structural feature in part expressed in topog- 
raphy. Lineaments described in this paper are 
presumed to be either faults or loci of shearing 
on the straight limbs of folds, but they are 
designated as lineaments pending the presenta- 
tion of evidence as to origin. 

The term arch refers to a structural form that 
may result from arching of beds, cleavage 
planes, or axial planes. For a mere arching of 
beds the term anticline is preferable. 

Trough indicates the synclinelike counter- 
part of an arch. 

Double limé refers an isoclinal fold in which 
a given formation is in contact with itself, the 
formation that should form the core of the 
structure being squeezed out and missing. 

*‘East” (or “‘east-west’’) in this paper is used 
for convenience to refer to the broad trend in 
this region of Appalachian structure, which is 
N. 70° E. Similarly ‘‘north” and ‘‘south”’ 
when in quotation marks will refer to a bear- 
ing at right angles to this. 

Other structural terms are used as defined 
in the A.G.I. Glossary or in Billings (1954). 


STRUCTURAL UNITS 


Sources of Data 


The surface pattern of rock formations as 
shown on the maps illustrating this paper is 
essentially the same as in published maps by 
Bliss and Jonas (1916) and by Bascom (in 
Bascom and Stose, 1932). Such changes as have 
been made here are deliberate, partly based on 
remapping of about 50 square miles on scales of 
1 inch = 1000 feet and larger, partly on 
structural reinterpretation, but in no case with- 
out careful review in the field. All plunges, 
lineations, and attitudes of axial planes, as well 
as most dips, are original observations made at 
intervals over a period of some 30 years and 
supplemented by about 100 days of more 
systematic field work. In a few places where 
exposures no longer exist, dips and strikes have 
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been taken from the maps of Bliss and Jonas 
(1916) and from descriptions by Rand (1900). 
Dips shown are as observed, without implica- 
tion as to overturning. 

Since many exposures are deteriorating 
through rock decomposition and overgrowth, 
some detailed local descriptions are included 
for the purpose of record. 

In the maps accompanying the present paper 
the Peters Creek schist has not been separated 
from the Wissahickon formation. In the zone 
of low-grade metamorphism, the Peters Creek, 
characterized by a higher proportion of thin 
quartzitic beds, is distinct enough to be quite 
properly recognized as a separate formation al- 
though its contact is gradational. In the garnet 
zone the difference is less evident, and in the 
higher-grade zones the Peters Creek has not 
been recognized if it occurs there at all. As the 
Peters Creek is not everywhere a mappable 
unit, in the absence of special petrographic 
studies, the writer believes that an attempt to 
portray its contact with Wissahickon forma- 
tion would be more misleading than helpful to 
structural interpretation. - 


Major Structural Features 


Areal relationships. As Figure 2 shows, the 
Peach Bottom synclinorium borders the Mine 
Ridge anticline on the south. Still farther south 
the most conspicuous structural features are 
anticlinal areas of Baltimore gneiss termed here: 
Poorhouse prong; West Chester prong; Wood- 
ville anticline; London Grove anticline; and 
Avondale anticline. Surrounded by these anti- 
clinal areas is the Brandywine synclinorium, 
including its easterly extensions, the Marshall- 
ton trough and the Westtown syncline. 

Peach Bottom synclinorium. The Peach 
Bottom synclinorium, occupied by the Wissa- 
hickon and Peters Creek formations, is a con- 
tinuation of the syncline so named by Knopf 
and Jonas (1929) in the McCalls Ferry- 
Quarryville district 20 miles to the west. 

Within the synclinal belt both the degree of 
deformation and the grade of metamorphism 
increase southward across the strike, in con- 
sonance with a long-recognized regional change. 
Metamorphism is clearly progressive, as recog- 
nized by Knopf and Jonas (1929, p. 33); neither 
field nor microscopic evidence supports the 
suggestion that the low-grade phyllites were 
derived from higher-grade schists or gneisses 
by phyllonitization. 

The synclinal area may be divided into three 
northeasterly trending belts: a phyllite belt, a 
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schist belt, and a gneiss belt. As Figure 3 
shows, phyllite and schist belts occupy mog 
of the synclinorium. The gneiss belt appears 
near the southern margin but is better de. 
veloped farther to the south and southeast, 

These belts distinguished by texture of rock 
are approximately parallel to metamorphic 
zones as delineated by mineral isograds (Mc. 
Kinstry, 1949) but do not strictly coincid 
with them. The chlorite zone corresponds ap 
proximately with the phyllite belt. Biotite and, 
farther south, garnet appear within the schis 
belt and persist into the gneiss belt, but th 
index minerals staurolite and kyanite ar 
sparse within the syncline; their zones of 
greater abundance lie still farther to the south 

The phyllite belt corresponds approximately 
to the area formerly mapped as Octoraro schis 
(Bliss and Jonas, 1916), and its southem 
boundary coincides roughly with Bascom’s (i 
Bascom and Stose, 1932) contact betweel 
Wissahickon formation and Peters Cred 
schist. 

In the phyllite bedding is rarely visible, bul 
where recognizable it is nearly, but nol 
strictly, parallel to cleavage. Exceptionally 
fold is preserved, as in one locality in the Wes 
Brandywine section (1000 feet southeast 
Modena station, Pl. 1) where a quartzite be 
2 inches thick forms a nearly isoclinal anticlin 
Cleavage in the schist above its crest is paralld 
to the axial plane but diverges downward tt 
parallelism with the fold limbs. The writer i 
fers from this and a few similar observation) 
that cleavage in the Wissahickon phyllite i 
parallel to axial planes and does not indicat 
the attitude of bedding; minor folding woul 
be evident if the rock were less uniform asi 
the case in the Peters Creek schist. 

The southward increase in grade of mete 
morphism is accompanied not only by ‘coarser 
ing of texture but by increase in intensity 0 
deformation. In the phyllite belt, cleavage s 
broadly speaking, planar but is interrupted by 
two types of shearing: (1) buckiing of cleavag: 
along zones having the sense of normal fault: 
most of them dipping south but a few dipping 
north (Fig. 4, a, b, c); (2) incipient revert 
faults at intervals of a few inches to a very 
feet (Fig. 4, d, e). 

In the schist belt this reverse-sense sheati 
becomes more closely spaced, rarely at mot 
than a few centimeters. The shears strike neat! 
east-west, whereas the remnants of cleavage be 
tween them strike about N. 40° E. (this s# 
the area east of the Brandywine; farther wet 
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Figure 3. Map of part of Peach Bottom synclinorium. Shows location of the phyllite, schist, and gneiss belts and generalized attitudes of cleavage 
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where the rocks are involved in a cleavage 
arch, attitudes are less uniform). Sketch f in 
Figure 4 shows a typical example of distortion 
of cleavage by shears. If the cleavage is desig- 
nated as Sl, the S2 shear surfaces are usually 
less steep than S1 and drag it into the form of 
a long S or integral sign. The S2 surfaces are 
discontinuous and disappear by curving into 
parallelism with S1, thus cutting the rock into 
chiplike lenses within which S1 is preserved, 
surrounded by strands of S2 shearing. Bending 
of SI is in the direction of right-hand reverse 
movement, but the surfaces are not merely 
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in the schist and gneiss belts (Fig. 3), Along 
with this goes a decrease in the dip of the axi| 
planes of minor folds. Figure 5 shows examples 
of horizontal axial planes. This correspond; 

change in the attitudes of cleavage and axial 
planes suggests late-stage deformation. In othe 
regions, where original structure has not been 
disturbed after initial folding, the attitudes of 
axial planes are essentially uniform over wide 
areas. In the Chester County area the chang 
in attitude of both cleavage and axial planes, 
accompanied by development of crumpled and 
sheared textures, points to late deformation or 
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Figure 4. Sketches illustrating typical deformation of cleavage in phyllite and schist. 
All sketches except f are sections looking-west. Diagrams a, b, c show scheme of buck- 
ling by incipient normal faults; d, e, scheme of deformation of cleavage by incipient 
reverse shears, f, typical deformation of S1 cleavage in the schist belt (plan). 


bent; instead they are twisted as could happen 
if displacement was not at right angles to the 
line of intersection of S1 and $2. 

In the gneiss belt, shearing has become so 
intense that S1 and S2 surfaces cannot readily 
be distinguished from one another in the field. 
The cleavage, as seen in sections cut normal to 
it, shows a braided or lenticular pattern. Be- 
cause of this and the fact that the micas are not 
in strictly parallel orientation, the rock splits 
along the composite cleavage surface in rough 
and warty fractures. In many places lineation 
is more distinct than cleavage so that the rock 
can be shattered into clublike fragments. 
Weiss (1949) and Ch’ih (1950, p. 934-936) 
have described this same facies in the Phila- 
delphia area in detail. 

One can infer a common mechanical origin 
for the distributed right-hand shearing and the 
southward decrease in dip of axial planes de- 
scribed in the next paragraph. 

The increase from north to south in the in- 
tensity of superimposed shearing is accom- 
panied by a change in attitude of the cleavage, 
which is the composite surface of S1 and $2 
elements. Its attitude changes from steep in 
the phyllite belt to gentle or even horizontal 


warping, and since axial planes in the belt off 
least disturbance have steep dips, the writer 
infers that the gently dipping axial planes in 
the more disturbed areas were also originally 
steep. 


a b c 
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Figure 5. Recumbent minor folds in the 
schist belt. Sections look west. Lines 
are cleavage; quartz lenses are stippled. 


The warping is evident in strike as well a 
dip. The most conspicuous major warp Is & 
pressed in plan by the arcuate trend in strike 
of cleavage (south of Mortonville, Fig. 3), sur 
face expression of a southward-plunging cleav 
age arch, as shown in generalized form i 
Figures 2 and 3 which are based on the detailed 
observations in Plate 1. Along the crest of t 
arch the surface area of Wissahickon formatiot 
occupying the Peach Bottom synclinorium § 
locally broadened. 

Despite the deformation of axial planes, the 
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rationship of bedding to cleavage can be ob- 
served wherever bedding is discernible. In the 
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Westward the London Grove anticline 
broadens and merges with the Woodville anti- 
cline. 

WOODVILLE ANTICLINE: On the south limb 
of the merged Woodville-London Grove anti- 
cline Setters and Cockeysville formations ap- 
pear in normal sequence dipping south. The 
Cockeysville is well exposed in Baker’s quarry 
(Pl. 1, B) and Phillips quarry (PI. 1, P), show- 
ing drag folds whose sense is appropriate to the 


xampls south half of the synclinorium, bedding is 
ponding} steeper than cleavage in many places, and 
nd axid where cleavage is horizontal or nearly so, the 
In othe: bedding, although strongly crenulated, may 
ot been} even approximate the vertical in its average 
tudes off dip. Within the synclinorium cleavage-bedding 
er wide} relationships indicate at least two synclines. In 
- change} the West Brandywine Creek section the more 
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wortherly one, which might be taken as the 
trough of the synclinorium, is about half a 
nile north of Mortonville (Fig. 3). 
Anticlines of Baltimore gneiss. It will be 
wavenient to discuss the five main anticlines 
red by Baltimore gneiss (Fig. 2) in order 
fom south to north. 
AVONDALE AND LONDON GROVE ANTICLINES: 
The Avondale anticline is the southernmost 
mithin the area. At its western end it plunges 
ieneath the Wissahickon gneiss (Fig. 6). The 
Willowdale syncline separates it from the Lon- 
in Grove anticline to the north. Eastward 
two anticlines appear to merge or at least 
lose their separate identities by disappear- 
uce of the intervening marble, which east of 
I" Brandywine is known only in two old 
james. Exposures there are poor, but the map 
uitern suggests that the Willowdale syncline 
ges eastward into a fault. 


Figure 6. Cross sections through west end of Avondale 
anticline. All sections look southwesterly. Roman 
numerals refer to section lines on Plate 1. Wg, Wis- 
sahickon formation, gneissic facies; cv, Cockeysville 
formation; sr, Setters formation; bg, Baltimore gneiss 


south limb of a southerly plunging anticline. 
The dips of their axial planes range from south 
to east, and they plunge gently to the south. 
Farther west the Setters quartzite swings 
around the nose of the anticline, but the 
Cockeysville is not in evidence there, although 
it may be indicated by the valley occupied by 
the Middle Branch of White Clay Creek. In 
short, structure at the southwest ends of the 
Avondale and Woodville-London Grove anti- 
clines, as shown in Figure 6, shows no specially 
anomalous features. 

But the outline of the Woodville anticline 
as a whole is strikingly anomalous. Features to 
be noted (Fig. 2; Pl. 1) are: 

(1) The shieldlike or keystonelike shape of 
the Baltimore gneiss area together with its 
bordering bands of Setters and Cockeysville 
formations. 

(2) Along the northern border of the anti- 


he axi 
NW 
af 
os 19 
Miles 
| 
RG 
| 


566 


cline: the gentle dip and particularly the 
flattish southerly plunges (Pl. 1) with conse- 
quent inverted sequence of formations; the 
northerly trending digitations at Springdell 
and Doe Run; the arcuate shape of the northern 
border including the nearly parallel outlying 
band of marble (Green Valley). 
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The east margin of the Woodville anticline. 


the slant bar of the Z termed here the Bailey 
lineament—is a nearly straight limb alop 
which the Baltimore gneiss is separated fron 
Wissahickon by Setters quartzite (represented 
only by local float) and Cockeysville marbk. 
formerly worked in Elisha Bailey’s quarry 


SE 


Miles 


Figure 7. Cross sections through northern part of Wood- 
ville anticline. All sections look south (in the direction 
of plunge). Roman numerals refer to section lines on 
Plate 1. Wg, Wissahickon formation, gneissic facies; 
cv, Cockeysville formation; sr, Setters formation; bg, 


Baltimore gneiss 


(3) On the east border: The Z-shaped form 
of the boundary. (The inclined bar of the Z is 
labeled Bailey lineament on Figure 2; the 
northern angle is the bend at Logan’s quarry 
on Plate 1; the southern angle is the sharp re- 
entrant of Wissahickon formation near Wood- 
ville.) 

These features indicate that the strati- 
graphic anticline is not only strongly over- 
turned but that its inverted limb is arched on 
a north-south axis, a flexure that appears also 
as a cleavage arch in the (structurally) under- 
lying Wissahickon formation to the north, as 
already mentioned in the description of the 
Peach Bottom synclinorium. Subsidiary folds 
on the west limb of this arch form the struc- 
turally synclinal digitations at Springdell and 
Doe Run. The resulting form of the partially 
recumbent Woodville anticline is shown in 
Figure 7, which was prepared by projecting 
mapped contacts in the direction of their local 
plunges. 


(Pl. 1) and presumably underlying a north 
easterly trending valley. 

The walls of Elisha Bailey’s quarry ar 
greatly decomposed and show no rock that # 
certainly in place, but the fall of two trees m 
the south edge of the pit has exposed south 
dipping beds?. The Bailey lineament extents 
northeasterly to within one-eighth of a miled 
good exposures of marble in Logan’s quarry. 

At Logan’s quarry, as Rogers (1858, p. 22) 
said: ‘The limestone dips irregularly and with 
some remarkable folds”. Within the quarry the 
strike of axial planes swings from northeast t 
nearly north with gentle southerly dips of 5 
to 22°. Plunges of folds are all in the southwest 
quadrant, ranging from due south to S. 40°¥. 
The sense of drag folding is not obvious be 


2 Dr. Carlyle Gray kindly called the writer’s attention 
to this recent exposure. The attitude is N. 67° W, 
50° S., curving easterly to N. 88° E. and, 50 feet si 
farther east, to N. 80° E., 58° S. 
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cause of the difficulty in distinguishing be- 
tween short and long limbs of the folds, but it 
appears to be dextral. 

If the Z-shaped eastern contact of the 
Woodville fold could be seen in three dimen- 
sions, the main problem of the district would 
be clarified. The only exposure at present is 
Bailey’s quarry along the Bailey lineament or 
limb. The southerly dip there suggests that the 
general dip of the limb is southeasterly rather 
than northwesterly and thus that the limb is a 
portion of the normal limb (overwall) of the 
main fold. If so, the sharp corner at Logan’s 
quarry—the northeast angle of the Z—is anti- 
cinal with easterly or northeasterly plunge 
despite the observed southerly plunges of drag 
folding which could be superimposed on the 
earlier main folding as a result of the north- 
south cross-arching. 

The alternative, that the Bailey limb is the 
inverted limb of the (wholly recumbent) 
Woodville fold, as implied by Bailey and 
Mackin (1937), would mean that the exposed 
limestone bed has been doubly overturned. 
The writer is unable to concur in this aspect 
of the Bailey-Mackin proposal for reasons dis- 
cussed under ‘‘Structural Interpretation.” 

In summary, the north-south axis of the 
Woodville anticline—better termed for present 
purposes the Woodville anticlinorium—can be 
regarded as a culmination comprising the roots 
of two anticlines. The intervening syncline is 
unidentifiable within the core of Baltimore 
gneiss for lack of good exposures or distinctive 
formation but is marked by recesses on the east 
and northwest margins of the culmination. 
This concept is depicted in Figure 12 and, 
schematically, in Figure 11 (western portion). 
The extrerne curvature of the traces of fold 
axes shown in Figure 11 is not an expression of 
extreme deformation but is a consequence of 
only mild warping of gently dipping axial 
planes, 

Thus the Woodville anticlinorium would 
consist of the western emergences of two anti- 
dlines: the West Chester prong and the London 
Grove anticline. Still a third anticline, the con- 
tnuation of the Poorhouse prong, forms the 
worthernmost unit in the culmination. Here 
only the Cockeysville marble (in Green Val- 
key) extends up to the present erosion surface. 
In this interpretation, the Woodville area is 
tot a simple gneiss dome but a warped as- 
emblage of overturned and partially recum- 
bent folds. 


Recumbent folding is not a new observation 


in the region. A. J. Stose observed small re- 
cumbent folds in Maryland and in York 
County, Pennsylvania (Jonas, 1937; Stose and 
Stose, 1944), and suggested that they were 
indications of major structure. The writer re- 
gards those in the Chester County area as folds 
whose axial planes were originally more steeply 
dipping but have been subsequently deformed. 

POORHOUSE PRONG: A band of hornblendic 
Baltimore gneiss 5 miles long and one-quarter 
of a mile wide is here named the Poorhouse 
prong (Fig. 2) from exposures in the Poor- 
house quarry at its western end. Figure 8 shows 
details of geology near its eastern end, and 
Figure 9 shows geology near its western end. 
Figures 8 and 9 are about 3 miles apart. 

The Baltimore gneiss is separated from the 
Wissahickon formation to the south by a band 
of Cockeysville marble as indicated not only 
by a continuous valley transverse to the main 
drainage pattern but also by four old lime 
quarries and a natural exposure (at the 70- 
degree dip sign in the southwest corner of 
Figure 8). Bedding in the marble dips south at 
gentle to steep angles and so also does schistos- 
ity in the overlying Wissahickon. No marble 
is exposed on the northern contact of the 
Baltimore gneiss. 

These relationships in themselves are typical 
of the district: an anticline overturned to the 
north with shearing out of lower Glenarm 
formations on its inverted limb. However, 
structural relationships at the eastern and 
western ends of the prong are not those of a 
simple overturned anticline. 

Toward the east end both the north and 
south contacts of the Baltimore gneiss swing 
hook-fashion from easterly to southerly and 
then southwesterly to meet the Cream Valley 
fault (or a branch of it). On the inner (western) 
side of this hook the marble is exposed in Caleb 
Cope’s quarry (Fig. 8) where inconclusive evi- 
dence suggests that it plunges westerly under 
the Wissahickon. On the outer (eastern) side 
of the hook, attitudes are not observable. 


Caleb Cope’s quarry consists of two excavations. 
In the northern one, now enlarged by a cut adjoin- 
ing Highway 322, the limestone forms a local anti- 
cline overlain by Wissahickon formation which 
appears in the west bank of the cut. In the southern 
excavation the structure is more complex; a dark 
gneiss that looks like the biotitic phase of the 
Baltimore overlies the limestone. 


The Cream Valley fault, or a branch of it, 
should pass less than 1000 feet south of the 
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quarry, but the relationships are obscured by _ pose of recording the attitudes observed in ¢. 
alluvium in the valley of Taylor’s Run (Fig. 8). | cavations that were open at the time of build 
So far as known, the Baltimore gneiss of the ing construction on State Hospital land in 1949, 
Poorhouse prong and that of the West Chester In the Poorhouse quarry the marble forms, 
prong are separated only by the fault. Con- very gentle structural anticline plunging j() 
ceivably a strip of Wissahickon formation may _ easterly. Overlying the marble, and well ¢. 


v 


Figure 8. Map and section of area near eastern end of Poorhouse prong. Wg, Wissachickon 
formation, gneissic facies; ky, kyanite; cv, Cockeysville marble; bg, Baltimore gneiss; sp, 
serpentine. Cross section viewed toward east. Partly diagrammatic 


separate them, but if so it is very thin, as ex- _ posed, is biotite gneiss with foliation irregulat 
cavation for a disposal plant on the south side but in general parallel to the contact. Sharp 
of the run showed decomposed rock that looks minor folds in the foliation likewise plunge 
like schistose Baltimore gneiss. This would re- _ easterly. 
strict the width of any band of Wissahickon This overlying rock is a conspicuously lay 
here to 500 feet. ered feldspathic gneiss with abundant mica. It 
At the western end of the Poorhouse prong is made up of biotite, quartz, feldspar (both 
the Cockeysville marble is exposed in the Poor-  microcline and plagioclase), muscovite, 
house quarry (at word ‘‘Fold” in the center accessory apatite. Hornblende can be seen m4 
of Fig. 9) where the structure has puzzled few places but in general is very scarce. 
geologists ever since Rogers’ time (1858, p. The layers, distinguished by contrasting pit 
230). Figure 9 is presented chiefly for the pur- _ portions of the constituent minerals, are 0} 
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typical feldspathic band consists of a matrix of 


ed in ex. order of 5 cm thick but range from 2 cm to 
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i pac Figure 9. Map and section of area near western end of Poorhouse prong. The 
. Poorhouse quarry is at word ‘‘Fold” near center of map. (See Figure 2 and 
Plate 1 for location.) Wg, Wissahickon formation, gneissic facies; cv, Cockeys- 
usly hy ville formation; bg, Baltimore gneiss. Cross section viewed toward east 
mica. 
ar (both 
ite, and Other, lighter, bands consist of quartz and clase, Ango. The feldspar units have vague 
seen int minor biotite with as much as 30 per cent boundaries against the matrix, some marked 
e. iddspar, some of it in conspicuous porphyro- by unoriented stubby biotite flakes, others 
ting pi § dasts or augen, mostly about 3 cm in diameter wrapped about with muscovite. 
re of the J tut ranging up to 5 or exceptionally 10 cm. A Interbanded with the gneiss are concordant 
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lenses of pegmatite several inches thick and 
many feet long consisting chiefly of pink feld- 
spar and quartz. 

The layers of gneiss show numerous small 
drag folds, all plunging gently easterly but 
with no very consistent sense of drag. Some of 
them near the ends of pegmatitic lenses appear 
to result from movement during lensing of the 
pegmatite in the manner of boudinage. 

That the gneiss is Baltimore rather than 
Wissahickon is suggested by (1) its general ap- 
pearance, (2) the presence of hornblende, even 
though sparse, and (3) the absence of garnet 
and kyanite, both of which are characteristic 
of the Wissahickon in this metamorphic zone. 
In any case the marble dips under the hill of 
hornblendic Baltimore gneiss as a result of the 
plunge of folds and (at the north side of the 
quarry) the northwesterly dip. Although south- 
dipping gneiss overlies the marble at the 
southern corner of the quarry, Wissahickon 
formation appears not more than 600 feet 
farther south, indicating that this band of gneiss 
must be very narrow. 

The Baltimore gneiss that bounds the marble 
on the north cannot be traced more than 1000 
feet west of the quarry, but the marble itself 
apparently extends southwestward for 1144 
miles. Its westernmost occurrence is at an old 
quarry 600 feet southwest of Embreeville sta- 
tion (Pl. 1). While no rock in place is visible 
there, the presence of marble is attested by 
records in the literature (Rogers, 1858, p. 230; 
Lesiey, 1883, p. 58; Rand, 1900, p. 296; Bascom 
in Bascom and Stose, 1932, map). Continuity 
from the Poorhouse quarry to the Embreeville 
quarry is indicated by two water wells (Carlyle 
Gray, personal communication) and by a top- 
ographic depression. Although marble crops 
out again in Green Valley, 114 miles still far- 
ther west and approximately on strike, a hill of 
Wissahickon formation intervenes. 

At the western end of the prong, then, marble 
underlies Baltimore gneiss in a gently east- 
plunging fold. Similar easterly plunges observed 
in the nearby Wissahickon formation indicate 
that it, in turn, underlies the marble. Thus at 
this locality the entire sequence is inverted. 

It would appear that the most plausible way 
of reconciling the structural observations at the 
eastern and western ends of the Poorhouse 
prong is to construe it as a strongly overturned 
anticline. At the east end its axial plane has 
been bent into the form of an east-plunging 
structural trough either integral with the 
Marshallton trough or deformed against the 
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Cream Valley fault. At the west end, the jp 
verted structure would be that of a recumbey 
fold whose root had been eliminated by faul. 
ing (Fig. 9). 

Various alternative interpretations are po, 
sible. One that was entertained by the write 
and also suggested independently by Wats 
and Wyckoff (1951) is that the Poorhoug 
prong is a nappe structurally continuous with 
the marble of Green Valley, which in this cay 
would also be a nappe. This is quite consistent 
with the flat-lying inverted sequence at th 
Poorhouse quarry and would neatly explain th 
disappearance of the Baltimore gneiss up 
plunge to the west. Such an interpretation, 
while satisfactory enough for the west end of 
the prong, is not easy to reconcile with eithe; 
the structure at the east end of the prong o; 
the preferred interpretation of the Woodville 
anticlinorium. 

WEST CHESTER PRONG: The West Chester 
prong is the main western lobe of the Buck 
Ridge anticline (Fig. 13) which was mapped 
by Bascom in the Philadelphia area. Its north- 
ern border is the Cream Valley fault, marked 
by mylonitized and schistose phases of the 
Baltimore gneiss and by long lenticular band 
of serpentine. In the one or two good exposures 
of gneiss near the contact the gneiss is drag 
folded in the manner of the north (inverted) 
limb of an overturned anticline. The best ex- 
posure is at Deborah’s rock on the Brandywine, 
1000 feet south of Copesville (Fig. 8). Toward 
the western end of the prong the contact swings 
to the southwest, and there drag folds in both 
the Baltimore and Wissahickon gneisses have 
flat southerly dipping and even locally north- 
erly dipping axial planes. 

The rock adjoining the Baltimore gneiss of 
the West Chester prong is at nearly all places 
Wissahickon formation; Setters and Cédckeys 
ville are missing or unexposed on both the 
north and south margins within the Chester 
County area, although they do occur along the 
north contact (Cream Valley lineament) far 
ther east, in the Norristown quadrangle. 

Two somewhat questionable occurrences aft 
exceptions to the statement that Setters 
Cockeysville are absent: (1) a small quarry 4 
mile south of Northbrook labeled ‘‘limestone 
on the U.S. Geological Survey map, where 
there is no longer any rock in place; (2) @ 
exposure of sandy schist resembling Setter 
adjoining an outlier of Wissahickon formation 
along with a larger mass of serpentine a 
north of Lenape (PI. 1). 
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STRUCTURAL UNITS 


Structural observations, then, indicate that 
the West Chester prong is an overturned anti- 
dine bounded on the north by an overthrust 
limb. 

Brandywine synclinorium. The large irregu- 
lar area of Wissahickon formation into which 
the West Chester prong projects westward is 
gynclinal in the stratigraphic sense, being sur- 
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Cockeysville marble, exposed in Dilworth’s 
quarry (‘‘cv’” at the extreme eastern margin 
of Pl. 1), dips and plunges southwesterly under 
the Baltimore gneiss of the overturned Avon- 
dale anticline. 

The more northerly recess of the Brandywine 
synclinorium, the Marshallton trough,’ lies be- 
tween the overturned north flank of the West 
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Figure 10. Plunges of folds and of lineation in the Coatesville-West Chester district 


rounded by: older formations. As it is transected 
by the Brandywine valley it will be called the 
Brandywine synclinorium. As interpreted here 
it consists of two synclinal areas separated by 
the anticlinal West Chester prong. 

The more southerly one, the Westtown syn- 
cine (Fig. 2), can be regarded as a fairly simple 
overturned fold with over-all westerly plunge. 
Its northern (normal) limb has a gentle south- 
etly dip as indicated by average dip of cleav- 
age, together with the irregular form of the 
boundary between Wissahickon and the under- 
ying Baltimore gneiss, which suggests a 
ftather-edge contact. The irregularity is greater 
than older maps would indicate and is accentu- 
ated by an inlier of Wissahickon together with 
srpentine (PI. 1, 1 mile north of Lenape). On 
the southern limb of the Westtown syncline, 


Chester prong and the south-dipping south 
flank of the Poorhouse prong. Cleavage within 
the trough, although varying locally in atti- 
tude, is in general troughlike, plunging south- 
westerly. 

All these features in themselves permit inter- 
pretation of the Brandywine area as a south- 
westerly plunging synclinorium, but as its ex- 
tension to the west is blocked by the Wood- 
ville area of older rocks, its structure can 


hardly be simple. 
STRUCTURAL INTERPRETATION 


The inferred form of each of the main struc- 
tural features has been indicated; it remains to 
combine them into an interpretation of the 


3 “Trough” as used here is defined under Terminology . 
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structure of the district as a whole. The map _ based on the writer's interpretation, Figure {4 
pattern of rocks differs notably from that of a _ is a generalized cross section prepared by pro 
simple series of plunging folds or even an as- _jecting individual cross sections to a comme 
semblage of domes and basins. Despite the fact _ plane using plunge lines as lines of projection, 
that nearly all observed plunges of folds are to Although it resembles the section labeled 2f 
the southwest and south (Fig. 10), the Wissa- in Figure 12, it could with appropriate mod) 
hickon formation of the Brandywine syn- fication represent any cross section through the 
clinorium is almost completely encircled by district. It points up the extreme depth of 
older rocks. Thus, the West Chester prong is synclines and height of anticlines and bears; 
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Miles Syncline 
-——-—-~w-— Dip of axial plane 
Figure 11. Plan to illustrate structural interpretation in the Coatesville-West Chester district. 


Partly schematic. Letters 6W, 2W, 2E, 6E refer to lines of sections on Figure 2. See also 
Figure 12. 


apparently connected with the Woodville anti- recognizable resemblance to cross sections of 
cline by way of the Poorhouse prong on the Alpine structure. 
north and the London Grove-Avondale anti- ALTERNATIVE INTERPRETATIONS: Cross sec 
clinorium on the south. tions presented in the Coatesville-West Chester 
The following seems the simplest explana- folio (Bascom and Stose, 1932) portray all the 
tion of these relationships: The Baltimore areas of Baltimore gneiss as simple anticlines 
gneiss of the West Chester prong plunges south- gently overturned toward the north and the 
westerly under the Wissahickon in the Brandy- Brandywine synclinorium as a simple syneline 
wine synclinorium. If this plunge continued modified only by minor folding. The statement 
without change, no more Baltimore gneiss (p. 10) that ‘‘the pitch of these folds is to the 
would appear at the present surface. But a southwest’’ accounts for the presence of Wiss 
north-south arch brings the Baltimore and hickon formation south and west of the Wood 
early Glenarm up to and above the present ville anticline but not east of it, 4¢., in the 
erosion surface in the form of a culmination, Brandywine synclinorium. 
the Woodville anticlinorium. To account for the peculiar shape of the 
The Cream Valley lineament, already estab- Woodville fold Bailey and Mackin (1937) 
lished as a zone of dislocation along the over- viewed the structure by looking downward in 
turned limb of a major fold, served later as a the direction of observed plunges and sug 
locus of weakness for dislocation in a right- gested that the form as seen in profile might 
hand reverse sense which dragged the east end be similar to that observed in plan, although 
of the Poorhouse prong into its hooked shape. of course with different dimensions. Accord 
Figure 12 shows a series of cross sections ingly they proposed that the fold is recumbent, 
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STRUCTURAL INTERPRETATION 


with the Baltimore gneiss underlain (except 
presumably at its roots) by Glenarm forma- 
tions.* 

This interpretation, although a neat explana- 
tion of peculiar form of the Woodville struc- 
ture, is not easy to reconcile with the structure 
farther east, in the West Chester quadrangle. 
Geometrical considerations require that the 
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been obliterated by displacement along the 
Cream Valley fault zone, and in this case the 
Bailey-Mackin hypothesis can be reconciled 
with the broader structure by postulating 
either that (1) the Wissahickon formation is 
folded over the Poorhouse prong but plunges 
under the Woodville (recumbent) fold or (2) 


it passes under the Poorhouse prong, in which 


NW 
Section 6W 


NS 


Section 2W 


Section 2€ | 


Wissahickon fm. Baltimore gneiss 
| Cockeysville marble Serpentine 


Cambro-Ordovician limestones 
of Chester Valley 

Cambrian sandstone of 

Chester Valley 


Figure 12. Cross sections through Coatesville-West Chester district. All 
sections viewed toward southwest. Letters 6W, 2W, 2E, 6E refer to lines 


of sections on Figure 2. 


Wissahickon formation of the Brandywine 
ynclinorium should be (or have once been) 
continuous with the same formation in the 
Peach Bottom synclinorium. If Wissahickon 
formation completely underlies the Woodville 
iold, its up-plunge projection should, some- 
where at the present surface, form a connection 
inking the Brandywine synclinorium with the 
Peach Bottom synclinorium, and such a con- 
ection would have to be either at the west or 
the east end of the Poorhouse prong; but at 
tither end the space seems quite inadequate for 
idouble thickness of Wissahickon. It is true, 
fcourse, that any such connection could have 


‘For along time the writer concurred in this interpre- 
re (McKinstry, 1949, of. Watson and Wyckoff, 
51) 


case the prong is a nappe. To the writer, how- 
ever, it seems simpler and more credible to 
postulate that the Wissahickon ‘‘gets out’”’ of 
the Brandywine synclinorium by rising over 
both the Poorhouse prong and the Woodville 
anticlinorium. 


MECHANICS OF DEFORMATION 


The proposed history of deformation may 
be visualized by considering it in two stages 
which may or may not have been separate 
events. The first stage was development of 
compressed and mildly overturned folds with 
axial planes parallel to those of the Ridge-and- 
Valley province farther north, ie., striking 
“‘east-west’’ and dipping, perhaps steeply, south. 
Slipping between beds during folding thinned 
or sheared out the Setters and Cockeysville 
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formations on the limbs of folds but left these 
formations intact or even thickened on the 
crests and keels. Folds in the Glenarm rocks 
pass downward and eastward into faults in the 
massive basement complex. 

In the later stages of deformation these folds 
were warped by more northerly striking cross 
folds, most conspicuous of which are the cleav- 
age arch on the north margin of the Woodville 
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pertinent to consider the broader structure gf 
the Appalachian belt, notably the change ig 
trend from northerly in Virginia to easterly in 
Pennsylvania and northerly again in Ney 
England. Presumably, early folding resulted 
from a force from a general easterly direction 
acting against a resistance from the west, }f 
this resistance became less effective south of 
the Adirondacks, the whole Appalachian chaip 
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Figure i3. Map showing relationship of Coatesville-West Chester district to Philadelphia area. After 
Bascom (1909), modified by data from Armstrong (1941), Postel (1940), Weiss (1949), and others 


fold and the adjoining trough east of the Bailey 
lineament. 

If this cross-folding was accomplished by 
compression, the axis of shortening must have 
had a northwest orientation or, more speci- 
fically, a little north of westerly, with the axis 
of easiest relief inclined upward to the south. 
Such a stress pattern would have components 
of both compression and shear. Of the two 
potential shear planes, the more active one had 
an ‘“‘east-west” strike and southerly dip. This 
orientation of stress would produce (1) the 
arching on north-south axes, (2) the right-hand 
reverse shearing expressed in distributed de- 
formation of cleavage in the Peach Bottom 
synclinorium, and (3) the right-hand reverse 
displacement along the Cream Valley fault. 

Although this mechanism has been described 
in terms of present geographical orientation it 
does not follow that fold axes and other 
features had these particular orientations when 
they were formed. In this connection it is 


to the south would have been moved bodily 
westward, causing a rotation to “‘east-west’ 
trends in Pennsylvania. 

This mechanism is consistent with the ob 
servations of Stose and Stose (1946, p. 123-126) 
who note, following Williams (1891) and 
Mathews (1907), that in Maryland the trend 
of folds curves from southwest to nearly south 
about an axis extending northwesterly from 
Baltimore. In that sector, folds mapped by 
Stose and Stose (1946) in Frederick County, 
Maryland, have shapes consistent with dex 
drag folding of their axial planes, that is, forms 
consistent with relative anticlockwise rotation 
of the block on the inner (eastern) side of the 
curve. 


RELATIONSHIP TO 
PHILADELPHIA AREA 


The structure described so far involves 00 
assumptions regarding the age of the Glenarm 
series. Those who maintain that it is Cambrian 
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RELATIONSHIP TO PHILADELPHIA AREA 


or Precambrian need only insert a folded thrust 
ult in those sections which show parts of the 
Chester Valley. But when che structure is 
viewed together with that of the Philadelphia 
area to the east (Fig. 13), a unity is evident 
that links the Glenarm series with the Cambro- 
Ordovician of the Chester Valley. 

Correlation of the Setters quartzite with the 
Cambrian Chickies quartzite (and accompany- 
ing schists) and of the Cockeysville and Pale- 
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Chester Valley. Any proposal that the Wissa- 
hickon is Cambrian would require either an 
abrupt sedimentary-facies change over a dis- 
tance of a very few miles and coinciding pre- 
cisely with the present location of the Chester 
Valley or else a more gradual facies change 
coupled with hypothetical faulting. As a sug- 
gested Cambrian age for the Wissahickon is 
based solely on lithologic resemblance to 
Cambrian rocks 30 to 80 miles away, the writer 


0 


Figure 14. Diagrammatic cross section (looking westerly) to illustrate inferred 
structural scheme. Heavy lines in the Wissahickon formation represent general- 
ized attitudes of cleavage. Wg, Wissahickon formation, gneissic facies; €Os, 
Shenandoah limestones; Cc, Chickies quartzite; bg, Baltimore gneiss 


aoic limestones has been suggested or advo- 
cated by various authors (Bascom et al., 1909, 
p. 5; Bliss and Jonas, 1916, p. 20; Hawkins, 
1924; Swartz, 1948, p. 1511; Watson, 1957, p. 
6). Although Bliss and Jonas later repudiated 
uch a correlation, no advocacy of Precambrian 
age for the Setters and Cockeysville by geolo- 
gsts familiar with this part of the region has 
appeared in the recent literature. 

If the Cockeysville marble is early Paleozoic, 
the Wissahickon formation, which immedi- 
ately overlies it, would, in accordance with the 
implest explanation, also be Paleozoic and not 
der than Ordovician. Thus there is no need 
toexplain away the absence of Glenarm series 
beneath the Cambrian sandstone in Mine 
Ridge and around the eastern nose of the 
Peach Bottom (Whitemarsh) syncline where it 
should appear if it were Precambrian. Nor is 
(necessary, if the Wissahickon is Ordovician, 
0 invoke elaborate hypotheses to explain the 
ibsence of a corresponding thick argillaceous 
mation in the Cambrian sequence of the 


prefers to accept the local evidence that it is 
Ordovician. 

Acceptance of Paleozoic age of the Glenarm 
series gives consistency to the tectonics of the 
whole area from Philadelphia to the Woodville 
anticline. One may visualize a great structure 
consisting of a syncline and anticline, the anti- 
cline further deformed by overthrust move- 
ment directed northwesterly. Thus the Peach 
Bottom syncline is continuous with the White- 
marsh syncline that forms the east end of the 
Chester Valley (Fig. 13). Its southern limb is 
attenuated, with Chickies quartzite and 
Shenandoah limestone preserved only as nar- 
row barids or lenses found as far west as Devon, 
6 miles west of the Schuylkill (Rand, 1900, p. 
218), but reappearing on the margins of the 
Woodville anticline. Buck Ridge would be an 
anticline structurally continuous with the one 
immediately south of the Whitemarsh syncline 
but deformed by right-hand (and presumably 
reverse) movement which became so general as 
to attenuate the anticlinal axis and stretch out 
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the whole core of Baltimore gneiss. Ultimately, 
concentrated deformation took advantage of 
the Cream Valley-Huntington Valley line 
along which displacement with an apparent 
right-hand horizontal component, amounting 
to 2 or 3 miles, almost if not completely severed 
Buck Ridge from the eastern portion of the 
anticline. Thus the extreme thinning of Balti- 
more gneiss east of the Schuylkill (ze. at the 
east end of Buck Ridge), although in some de- 
gree only apparent owing to steep dips, is due 
partly to general attenuation and partly to 
truly ruptural faulting. Conversely the west- 
ward broadening of the area of Baltimore gneiss 
is explainable partly by the observed flattening 
of dips as the structure is traced westward and 
partly by divergence of the Cream Valley and 
Rosemont faults. The broad area of Wissahickon 
formation in Delaware County southeast of the 
Rosemont fault is attributable to the easterly 
plunge, general throughout this part of the 
district (Weiss, 1949), which would have sub- 
merged the underlying Baltimore gneiss. Ad- 
mittedly, however, the mechanics of this part 
of the structure remains to be clarified. 

This suggested correlation leaves no necessity 
for a Martic overthrust in this area. Although 
the contact between the Shenandoah group of 
limestones and the Wissahickon formation (site 
of the hypothetical Martic overthrust) may 
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well be a locus of regional deformation, thy 
writer sees this as the type of slipping tha 
commonly occurs on the straight limb of a fol 
rather than a major fault zone along whic) 
Precambrian rocks have been thrust upon Py 
leozoic. Those who feel that the broader ged) 
ogy of the region calls for a major zone of over. 
thrusting will find a locus along the Hunting 
ton Valley-Cream Valley lineament that js 
structurally more plausible than the ‘Marti 
line’’. 

CONCLUDING REMARKS 


The purpose of this paper has been twofold: 
to record a body of detailed observations and 
to advocate the probability that structures in 
this part of the Piedmont are more akin to 
Alpine nappes than to familiar Appalachian 
folds. While a preferred interpretation is pr- 
posed, certain alternatives cannot yet be ruled 
out, and the present picture is in no sense of 
fered as the final answer to all the problems of 
the district. The conclusions are based largely 
on features observable in the field, and there's 
abundant room for further work both in the 
field and in the laboratory—far more than the 
writer is likely to be able to carry out. There 
fore, it is to be hoped that other workers wil 
interest themselves in these intriguing prob 
lems. 
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Patterns and Origin of Radial Dike Swarms 
Associated with West Spanish Peak and 
Dike Mountain, South-Central Colorado 


Abstract: West Spanish Peak and Dike Mountain 
in south-central Colorado are stocks which cut 
Tertiary sedimentary rocks near the axis of the 
la Veta syncline, the structural trough of the 
Raton basin. Associated with these stocks are 
radial dike swarms. The outline of the West 
Spanish Peak dike swarm is elliptical. The Dike 
Mountain swarm is more radial, and its outline 
isoval. Both systems are elongated normal to the 
axis of the La Veta syncline. 

The dikes of the West Spanish Peak swarm are 
of diverse rock types and represent several separate 
magmatic phases. Those of the Dike Mountain 


swarm are facies of syenodiorite and probably 
represent a single phase of magmatic invasion. 
The dikes occupy vertical joints that have been 
generally attributed to radial fissuring during 
doming of the sedimentary rocks by the emplace- 
ment of the stocks. Structural studies, however, 
indicate that several systems of shear and tension 
joints resulted from intermittent orogenic stresses 
of varying direction and magnitude during folding 
of the syncline before invasion of the magmas, and 
the writer suggests that selective intrusion into 
this joint complex accounts for the dike patterns. 
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INTRODUCTION 


The western margin of the Great Plains in 
south-central Colorado (Fig. 1) is well known 
to geologists for its diverse igneous structures 
and rocks. Stocks, laccoliths, sole injections, 
plugs, dikes, and sills have intruded the sedi- 
mentary rocks, and many of these form moun- 
tains, hills, buttes, and mesas that dominate the 


landscape. Basaltic lava flows cap beds of 
Tertiary age north of Huerfano Park and the 
high mesas southeast of Trinidad, Colorado. 
West Spanish Peak and Dike Mountain are 
stocks that invade early Tertiary sedimentary 
rocks near the axis of the La Veta syncline, 
which is the structural trough of the Raton 
basin. These stocks, unlike other nearby 
igneous masses, have swarms of dikes radiating 
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Figure 1. Map of region adjacent to West Spanish Peak and Dike Mountain, Colorado 
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from each of the two peaks. The dikes range 
from 1 foot to nearly 100 feet in width and 
extend for a maximum distance of almost 14 
miles. Most of the dikes vary in thickness, but 
abrupt thinning and bulging is uncommon. 
Several dikes apparently fill a single joint but 
are discontinuously exposed along their lengths. 
The dikes are generally more resistant to 
erosion than the intruded formations and 
consequently stand as relatively straight walls 
that rise as much as 100 feet above the adjacent 


country. Almost all the dikes are vertical ot 
nearly so. Polygonal joints normal to the sides 
of the dike walls are common, and at some 
places country rock bleached by contact 
metamorphism adheres to the dikes. 
Intrusion probably took place at intervals 
during late Eocene or early Oligocene tme 
inasmuch as intrusive masses cut sedimentary 
rocks as young as the Huerfano(?) formation 
of early and middle Eocene age (Osborn, 1897, 
p. 250; 1909, p. 48-50) but do not cut the 
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Figure 1. Map of region adjacent to West Spanish Peak and Dike Mountain, Colorado 


Farisita conglomerate of probable Oligocene 
age OF the Devils Hole formation of probable 
Miocene age (Johnson and Wood, 1956, p. 
718-719). The Devils Hole formation contains 
abundant fragments of volcanic glass, pumice, 
and rlite. 

Hills (1900; 1901) mapped and described in 
detail the West Spanish Peak stock and most 


| of its associated dikes. Knopf (1936) made a 
| comprehensive study of the petrography of 
| the Spanish Peaks stocks and many of the 
asociated dikes. Odé (1957) has analyzed the 
dike pattern in terms of stress. 

Geologic studies in the region by field 
parties of the U. S. Geological Survey during 
the summers of 1948 to 1953 and 1956 indicate 
that the dikes were selectively intruded during 
everal different magmatic phases into a pre- 
existing joint complex which was formed as a 
result of folding of the La Veta syncline and 
suggest that stresses accompanying intrusion 
were not necessarily significant in determining 
the dike patterns. 

The igneous rocks have been classified ac- 
cording to the system of Johannsen (1939, p. 

41-161). The lamprophyres are referred to 
the larger orders of igneous rocks, such as 
lamprophyre. Special varieties of 
| amprophyres (e.g., minette, vogesite) are not 
distinguished. 


‘SEDIMENTARY ROCKS 


The West Spanish Peak and Dike Mountain 
| stocks and their associated dikes and sills in- 
tude Pennsylvanian to Eocene sedimentary 
ocks (Fig. 2). Pre-Cretaceous rocks are ex- 
posed on the west side of the Raton basin along 
the eastern slope of the Sangre de Cristo 
Mountains, and Cretaceous and younger rocks 
ue exposed in the foothills of the Sangre de 
Cristo Mountains, on the flanks of West 
Spanish Peak and Dike Mountain, and on 
adjacent lowland areas. 

The formations from the Graneros shale to 
the Raton formation, inclusive, are predomi- 
untly incompetent shale with minor amounts 
of limestone and sandstone. They display no 
well-developed joints, and, presumably, any 
joints that formed have been obliterated by 
lowage during folding of the La Veta syncline. 
Very few dikes intrude the incompetent beds 
Fig. 3; Pl. 1). Rocks older than the Graneros 
tale and younger than the Raton formation 
are mostly competent sandstone, conglomerate, 

minor amounts of shale and limestone, and 
they have many joints. The competent rocks 
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in the vicinity of West Spanish Peak and Dike 
Mountain belong to the Poison Canyon and 
younger formations. 


REGIONAL STRUCTURE 


The principal structural feature of the Raton 
basin is a broad asymmetrical trough whose 
axis trends generally northward from near Ute 
Park, New Mexico, into Huerfano Park, 
Colorado. The Colorado part of the trough has 
been named the La Veta syncline (Johnson and 
Stephens, 1954; Wood, Johnson, and Dixon, 
1956). The eastern limb of the syncline dips 
gently, whereas the western limb dips steeply 
and is vertical to overturned in places. One to 
three thrust faults parallel the east front of the 
Sangre de Cristo Mountains along the steep 
western margin of the basin. The basin includes 
several subsidiary anticlines and synclines. One, 
the Greenhorn anticline, plunges southward 
from the Wet Mountains, a range that bounds 
the basin on the north. This fold splits the La 
Veta syncline into a major syncline to the west 
and a minor one, the Delcarbon syncline 
(Johnson and Stephens, 1954), to the east. 

Normal faults are rare (Johnson, Wood, and 
Harbour, 1958). A highly fractured and altered 
block of sedimentary rocks between the Span- 
ish Peaks (Pl. 1) seems to have been carried up 
from depth by the magma of East Spanish 
Peak. The fault relationships are obscure owing 
to cover, but the faults seem to be normal and 
to have a maximum vertical displacement of as 
much as 6000 feet. 
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Spanish Peaks Intrusive Complex 


Stocks of East Spanish Peak, West Spanish 
Peak, and North, Middle, and South White 
Peaks. East Spanish Peak (Pl. 1) is a large 
stock of granite and granodiorite porphyries 
(Knopf, 1936, p. 1735-1737) that invaded the 
Cuchara formation without apparent meta- 
morphism of the enclosing rocks. Immediately 
west and south of the stock the sedimentary 
rocks have been domed by the invasion of the 
granite magma, and, as has been noted, a 
faulted block of metamorphosed sedimentary 
rocks on the southwestern margin of the stock 
apparently was carried up by the magma. The 
mass of the stock is mainly granite porphyry, 
but the central part is granodiorite porphyry 
that has been chilled against the granite 
porphyry along their southeastern contact. 
The stock is roughly circular in plan with a 


cal or 
sides 
some 
ntact 
ervals 
time 
ntary 
ation : 
1897, 
t the : 


582 R. B. JOHNSON—RADIAL DIKE SWARMS, SOUTH-CENTRAL COLORADO 


SYSTEM FORMAT THICKNESS 
PP ON| LITHOLOGIG DESCRIPTION 
Reddish- brown, conglomeratic, orko. 
sic sandstone, arkose ‘ 
Huerfano(?) O- 3000+¢ merate, graywacke, cid 
siltstone 
WwW 
Red, gray, and tan shale, red, pink 
ind white fondstone, red 
= + pink sandstone ocally con. 
Cuchara 0 - 5000+ 
LOC AL_ UNC ONF ORM ITY 
Buff to yellow arkosic sandstone 
@ {Poison Canyon} 0-2,500 and conglomerate, thin yellow 
c siltstone and shale 
UNCONFORMITY 
Buff-gray and dork-gray sandstone 
a Raton 0- 1,750 and siltstone, black shale, Coal. 
Conglomeratic sandstone ot bese 
Buff-gray and dark-gray sandstone, 
Vermejo 0-550 : siltstone, and shale. Coal 
Trinidad ss 0-310 Bu sity, gry. sandstone with gray 
Dark-groy to block shole. puff 
Pierre sh O° sandstone and siltstone near top 
| 
fo) 
Yellow chalk and thin white lime- 
Niobrara stone. Gray limestone at base 
. Dork-gray toblack shale. Buff sand- 
Carlile sh 215-235 stone and derk-grey limes tone 
in upper par 
Greenhorn Is 30- 40 ——— Gray limestone and shole 
<__*—_]| Dark-gray shale with a few beds of 
| Greneros sh 170-245 bentonitic shale and calcareous 
Dakota ss 30-185 Buff sandstone and black shale 
: DISCONFORMITY 
Purgatoire 33-139 Buff conglomeratic ss and black sh 
DISCONFORMITY 
Gray, red, buff, and greenish-gray shal 
Morrison 251- 320 siltstone, ond fonds tone 
JURASSIC 
siltst d sandstone. 
Unnamed 42-69 
Entrada ss 21-90 Light-gray, buff sandstone 
DISCONFORMITY 
= 
= > Red and gray conglomerate and 
= orkose, buff and red sandstone, 
red siltstone 
eee Sangre de | 109-9,600+ gray limestone beds. Locally 
e > Cristo cut out by thrust faulting 
2 
a 


Figure 2. Generalized columnar section of rocks intruded by West Spanish Peak and Dike Moun- 
tain stocks and associated dikes, south-central Colorado 
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large northwest extension that terminates in a 
«i. In outcrop the mass is about 514 miles long 
and 3 miles wide. 

The stock of West Spanish Peak, classed by 
Knopf (1936, p. 1735) as several facies of 
yenodiorite, cuts the Cuchara formation and 
the Huerfano(?) formation near the axis of 
the La Veta syncline (Pl. 1). In outcrop the 
sock is about 234 miles long and 134 miles 
wide. The western part of the mass caps a 
complex of metamorphosed sedimentary rocks 
and basaltic sills near the top of the peak, and 
the base cuts across these rocks at a very low 
fat angle. The sedimentary rocks are altered 
for at least 900 feet from the border of the 
stock, but there is no apparent doming or 
ulting of the enclosing rocks as a result of the 
invasion of the West Spanish Peak magma. 
Rocks domed earlier by the intrusion of the 
East Spanish Peak stock were invaded by the 
West Spanish Peak magma without further 
structural deformation. 

A short distance west of the West Spanish 
Peak stock the smaller mass of granite porphyry 
that constitutes the North, Middle, and South 
White Peaks (Pl. 1) cuts the Pierre shale, 
Trinidad sandstone, and the Vermejo, Raton, 
and Poison Canyon formations. The stock is 
dongated north to south and terminates in 
ills to the north. The mass is 3 miles long and 
from one-third to more than half a mile wide 
in outcrop. The sedimentary rocks are ap- 
parently undeformed, and the Pierre shale is 
sightly altered for a short distance from the 
stock. The structural relationships of the 
White Peak stock and the other types of 
igneous features are obscure; however, its 
petrographic similarity to the granite porphyry 
of East Spanish Peak suggests that the two 
stocks may have been derived from the same 
magma more or less contemporaneously. The 
White Peaks stock apparently is older than 
the radial dikes of West Spanish Peak, but the 
dikes do not cut the stock. Instead, the stock 
ems to have prevented the invasion of the 
dike magma into the sedimentary rocks near 
the stock. The East Spanish Peak stock did not 
form a similar block, for several dikes cut the 
granite porphyry of the stock near its south- 
‘astern margin. The presence of joints in the 
gamite porphyry of the East Spanish Peak 
stock at the time of invasion of the dike magma 
indicates that it may be somewhat older than 
the White Peaks stock. 

Radial dike swarm of West Spanish Peak. An 
impressive system of nearly radial dikes sur- 
founds West Spanish Peak (Pl. 1). The pro- 
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jected intersections of most of these dikes are 
within the West Spanish Peak stock, but 
several converge toward the East Spanish Peak 
stock, and some have foci outside both stocks. 
The outline of the dike swarm forms an ellipse 
with the long axis trending N. 80° E., normal 
to the axis of the La Veta syncline and the 
eastern front of the Sangre de Cristo Moun- 
tains. Dikes west of the stock are much shorter 
than those to the east, so that the focal area 
of the dikes appears to generally coincide with 
the western focus of the ellipse. Many of the 
dikes, especially in the northeast and southeast 
quadrants, curve eastward; most are straight, 
but some are sinuous, and a few curve west- 
ward. Certain areas within the ellipse lack 
visible dikes, but except in the area southwest 
of the stock, dikes may be present beneath 
extensive sheets of pediment gravel. One of the 
long curvilinear dikes (Pl. 1, dike 1) southeast 
of West Spanish Peak ranges from an exposed 
elevation of 7000 feet to more than 11,200 feet 
on the southeast flank of West Spanish Peak—a 
vertical rise of at least 4200 feet. The greatest 
concentration of dikes is west of West Spanish 
Peak. These are generally short, tending to end 
several hundred feet east of the White Peaks 
stock and the steeply dipping incompetent 
beds of Late Cretaceous and early Tertiary 
age. No dikes are known to penetrate the 
White Peaks stock or cut through the in- 
competent beds, but a few do occur in the 
Sangre de Cristo Mountains where they invade 
beds of the Sangre de Cristo formation. 

Compressive forces may have formed vertical 
tension joints in the incompetent beds; if so, 
they were probably obliterated by flowage dur- 
ing continued folding of the La Veta syncline. 
Horizontal feather joints that may have been 
formed by tension as a result of thrust faulting 
along the eastern front of the Sangre de Cristo 
Mountains probably were not formed east of 
the thrust faults owing to greater plasticity of 
the less competent beds. 

Dikes are rare among the sills and meta- 
morphosed sedimentary rocks surrounding the 
West Spanish Peak stock, and none contact the 
stock at the surface. These facts suggest that 
the magmas of the syenodiorite stock and of 
the basalt sills were older than the dike mag- 
mas. The dikes were probably emplaced during 
later magmatic phases from a source or sources 
at depth, and the sills adjacent to the stock 
prevented the penetration of the dike magmas 
into the metamorphosed sedimentary rocks 
alongside the stock. 

Petrographically the radial dikes range from 
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basalt and gabbro lamprophyre to microgranite 
and granite porphyry. The rock types of the 
dikes are basalt and gabbro lamprophyre; 
feldspathoidal diorite lamprophyre; diorite 
porphyry, diorite lamprophyre, and micro- 
diorite; syenodiorite porphyry and micro- 
syenodiorite; syenite porphyry, syenite lampro- 
phyre, and microsyenite; granodiorite por- 
phyry; and granite porphyry and microgranite. 

Gabbro lamprophyre and basalt dikes are 
scattered throughout the dike swarm. Most 
of them are less than 3 miles long and are 
relatively far from the West Spanish Peak 
stock. These dikes do not cut any other types 
of dikes but are cut by syenodiorite porphyry, 
granodiorite porphyry, and granite porphyry 
dikes. 

Three feldspathoidal diorite lamprophyre 
dikes crop out in the Sangre de Cristo forma- 
tion in the southwest corner of the map area 
(Pl. 1). They are not cut by other dikes and 
are the only dikes in the radial swarm known 
to contain feldspathoids. 

Several long north-trending dikes of diorite 
porphyry and diorite lamprophyre crop out 
south of the stock of West Spanish Peak. They 
are as much as 3 miles long, and two of them 
cut the complex of sills and metamorphosed 
sedimentary rocks next to the stock. The 
diorite dikes locally are cut by syenodiorite 
dikes. Several very short diorite porphyry and 
microdiorite dikes invade the Sangre de Cristo 
formation south of the White Peaks stock. 

The most numerous dikes in the radial 
swarm are of syenodiorite porphyry and micro- 
syenodiorite and are in all quadrants of the 
ellipse. They include almost all of the curvi- 
linear dikes northeast and southeast of West 
Spanish Peak stock and most of the dikes south- 
east of the stock. The syenodiorite dikes extend 
more than 13 miles from the stock of West 
Spanish Peak and are as much as 10 miles long. 
Examination of the dike intersections show 
that there were at least two, and perhaps three, 
separate phases of invasion of syenodiorite. 
Syenodiorite dikes are cut by syenite, grano- 
diorite, granite, and other syenodiorite dikes. 

Most dikes west and southwest of the West 
Spanish Peak stock are syenite porphyry. One 
long dike (Pl. 1, dike 2) northeast of the stock 
and several long dikes east of East Spanish 
Peak are of syenite lamprophyre and micro- 
syenite. Syenite porphyry dikes locally cut the 
complex of sills and metamorphosed sedi- 
mentary rocks next to the stock and extend 
for a maximum distance of 13 miles from it. 
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Granodiorite porphyry dikes are thick and 
fairly long and occur in small numbers mosth 
north and southwest of West Spanish Peak 
The granodiorite dikes cut gabbro lamprophyr 
syenodiorite, and syenite dikes at a few places 

Two large dikes of granite porphyry occu 
in the dike swarm. One (Pl. 1, dike 3), th 
Devil’s Stairway (Knopf, 1936, p. 1742-1743), 
is northwest of West Spanish Peak and seems 
to be radial from it. The dike cuts sve 
gabbro lamprophyre, syenodiorite, and grano 
diorite dikes. The other (PI. 1, dike 4) is south- 
west of the West Spanish Peak stock and cuts 
a syenite dike. Several short microgranite dikes 
close to the south margin of East Spanish Peak 
stock neither cut nor are cut by other types of 
dikes, and so it is impossible to determin 
whether they are related to the final magmatic 
phase of the West Spanish Peak dikes or to the 
earlier East Spanish Peak granite magma. 

Later parallel dike swarm and related silk. 
Later dikes of olivine gabbro lamprophyr., 
gabbro lamprophyre, basalt, feldspathoidal 
diorite and syenite lamprophyre, diorite 
lamprophyre, syenodiorite porphyry and micro 
syenodiorite, and syenite porphyry and lam 
prophyre cut the radial dike swarm associated 
with West Spanish Peak and are independent 
of the earlier features. The dikes of this later 
system are subparallel and strike from N. 60° 
E. in the north to N. 86° E. in the south. Thes 
dikes are the longest in the region and gen- 
erally trend normal to the strike of the folded 
sedimentary rocks. Several basalt and lam- 
prophyre dikes terminate in basaltic and 
gabbroic sills to the east and south. Very few 
sills invade the more competent sedimentary 
rocks. Because they do not intersect each 
other, the relative order of intrusion of rock 
comprising this later dike system cannot be de 
termined. Moreover, the various ‘types 0 
rocks are scattered throughout the system. 

Microsyenodiorite dike and sill. Eight mile 
northeast of East Spanish Peak stock a larg 
dike (Pl. 1, dike 5) of miicrosyenodiorit 
(Knopf, 1936, p. 1743) cuts across older dikes 
in an east-west direction. It is arcuate with th 
concave face toward the south and varies # 
much as 12° in strike from one end to the 
other. It cuts across radial dikes aa 
syenodiorite porphyry (Pl. 1, dike 6), syemitt 
lamprophyre (Pl. 1, dike 2), and basalt (Pl! 
dike 7) as well as syenodiorite porphyry el 
1, dike 8) of the later parallel dike system, am 
terminates in a sill to the east. 

Plug of Goemmer Butte. Goemmer Butte 
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Latite 
(Plug) 


Microsyenodiorite 
(Arcuate dike and sill) 


Various intermediate to mafic rock types 
(Parallel dikes and related sills) 


Granite porphyry and microgranite 
(Stocks, radial dikes, and sills) 


Granodiorite porphyry 
(Stock and radial dikes) 


Syenite porphyry, syenite lamprophyre, and microsyenite 
(Radial dikes) 


Syenodiorite porphyry and microsyenodiorite 
(Stock and radial dikes) 


Diorite porphyry, diorite lamprophyre, and microdiorite 
(Radial dikes) 


Feldspathoidal diorite lamprophyre 
(Radial dikes) 


Gabbro lamprophyre and basalt 
(Radial dikes) 


METAMORPHIC AND IGNEOUS ROCKS 


Complex of quartzite, slate, hornfels, and basalt 
(Huerfano and Cuchara formations and sills) 


SEDIMENTARY ROCKS 


Mostly competent rocks 
(Includes Huerfano, Cuchara, Poison Canyon, Dakota, Purgatoire, 
Morrison, Entrada, and Sangre de Cristo formations) 


Mostly incompetent rocks 
(includes Raton and Vermejo formations, Trinidad sandstone, 
Pierre shale, Niobrara formation, Carlile shale, Greenhorn 
limestone, and Graneros shale) 


High angle fault 
(U,upthrown side, D, downthrown side) 
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which Knopf (1936, p. 1778-1779) interpreted 
asa volcanic neck composed of latite, invaded 
the Cuchara formation about 64 miles north- 
west of West Spanish Peak stock (Pl. 1). The 
body of the plug contains several blocks of 
gndstone that seem to have been stoped. The 
plug is irregularly circular in outcrop and 
measures about 900 feet across its greater 
dimension. Alteration of the country rock is 
not extensive, but bleached remnants of sand- 
stone adhere to the walls of the plug. 

Sequence of magmatic invasion. The gen- 
eral order of invasion of the various igneous 
features was determined in the field by the 
structural relationships of the various types of 
igneous rocks. Intersections of the dikes are 
comparatively common (PI. 1). Generally, the 
order of intrusion does not seem to have been 
from mafic to silicic. Instead, it seems to have 
been almost the reverse: the oldest intrusion is 
probably the granite porphyry of the East 
Spanish Peak stock, and mafic dikes and sills of 
the parallel dike system are among the young- 
est. However, the order of intrusion of the 
radial dikes seem to have been from mafic to 
iilicic, the dikes ranging from gabbro lam- 
prophyre and basalt to granite porphyry and 
microgranite. The writer’s proposed sequence 
of magmatic invasion, which differs from that 
suggested by Hills (1901, p. 3-4) and Knopf 
(1936, p. 1783), is summarized as follows: 

(1) granite porphyry stock of East Spanish 
Pea 

(2) granite porphyry stock of the White 
Peaks 

(3) granodiorite porphyry stock of East 
Spanish Peak 

(4) syenodiorite stock of West Spanish Peak 

(5) basalt sills of West Spanish Peak 

(6) radial dike swarm of West Spanish Peak 

(A) lamprophyre and basalt 

ikes 

(B) feldspathoidal diorite lamprophyre 
dikes 

(C) diorite porphyry, diorite lampro- 
phyre, and microdiorite dikes 

(D) syenodiorite porphyry and micro- 
syenodiorite dikes (two or three 
separate phases) 

(E) syenite porphyry, syenite lam- 
prophyre, and microsyenite dikes 
(two separate phases) 

(F) granodiorite porphyry dikes 

(G) —— porphyry and microgranite 

ikes 

(7) later parallel dike swarm and related sills 
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(A) olivine gabbro lamprophyre, gabbro 
lamprophyre, and basalt dikes and 
sills; feldspathoidal diorite and 
syenite lamprophyre, diorite lam- 
prophyre, syenodiorite porphyry 
and microsyenodiorite, and syenite 
porphyry and lamprophyre dikes 
(sequence indeterminate) 

(8) microsyenodiorite dike and sill 

(9) latite plug of Goemmer Butte. 

Previous interpretations of the radial dike pat- 
tern. In the first detailed report on the Span- 
ish Peaks, Hills (1901) did not interirct the 
radial dike pattern but gave a brief description 
of the structure resulting from the intrusion of 
the igneous rocks. Apparently Hills believed 
that the dike magma invaded radial joints that 
formed when the sedimentary rocks were 
domed by the emplacement of the stocks, for 
he states (Hills, 1901, p. 3): 


‘Briefly, the effect of the eruptions on the 
previously formed trough was the production in 
the very bottom of it of a great upward bulge, 
rent and faulted at the summit, warped by the 
intrusion of huge masses of igneous rock, and 
ribbed by a magnificent system of dikes.” 


Knopf’s analysis (1936, p. 1739) is as follows: 


“The dikes extend for many miles farther east 
than westward. Part of the explanation of this 
difference . . . is that the stock of microgranite 
lying west of West Peak acted as a barrier in that 
direction. Another feature brought out by the 
mapping is that many of the dikes, especially those 
in the southeast quadrant, as they are traced away 
from the Peaks, tend to bend around in an east- 
west course. Possibly, the cause of this swinging 
around to an east-west direction is that the forces 
that, near the stocks, produced the radial fissuring, 
opened up, at a greater distance from the stocks, 
the latent tension fissures produced during the 
compression that had folded the sedimentary beds 
into a broad syncline before the stocks were in- 
jected—i.e., the dikes availed themselves of latent 
tension breaks across the axis of the fold.” 


Odé (1957) presented a detailed mechanical 
analysis of the Spanish Peaks dike pattern as 
illustrated on a geologic map prepared by 
Knopf (1936, Pl. 1), which does not show most 
of the dikes west of West Spanish Peak (Knopf, 
1936, p. 1736). Odé (1957, p. 569) believes 
that the shape of the dike pattern is due to a 
symmetrical regional stress field having been 
superposed over a local stress field at the 
moment the dikes were injected. He thinks 
that the local stress field was caused by the 
fluid pressure of the rising magma in a vertical 
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circular hole at West Spanish Peak. He as- 
sumes that the regional stress field at the time 
the dikes were injected had its greatest prin- 
cipal stress direction along the line of symmetry 
exhibited by the Spanish Peaks dike system. 
Odé’s analysis (1957, p. 568-570, 574) essen- 
tially requires a simultaneous origin of all the 
radial dikes radiating laterally from a single 
source, or focal point, at the West Spanish 
Peak stock. 

The following facts suggest, rather, that the 
radial dikes were emplaced from below during 
at least seven different magmatic phases from a 
source or sources at depth: 

(1) The dikes are diverse in composition, 
ranging from gabbro lamprophyre to granite 
porphyry. 

(2) Many dikes are cut by dikes of the same 
or more silicic composition. 

(3) The dikes do not converge on a single 
focal point but on several focal points within 
the West Peak stock, the East Peak stock, and 
outside both stocks. 

(4) Some dikes are exposed discontinuously 
along their lengths, indicating that the magma 
came from below. 

(5) No dikes contact the West Spanish Peak 
stock at the surface, and dikes are rare among 
the sills and metamorphosed sedimentary rocks 
surrounding the stock; this indicates that the 
magma came from below. 


Dike Mountain Intruswe Complex 


Stock of Dike Mountain. The Dike Moun- 
tain stock of syenodiorite porphyry invades 
the Cuchara formation near the axis of the La 
Veta syncline. The Dike Mountain stock is 
irregular in outcrop (Fig. 3), about 114 miles 
long in a southwest-northeast direction, and 
only about 450 feet wide at its narrowest part. 
The contact of the stock with surrounding 
sedimentary rocks is covered in most places, 
and there is no evidence of metamorphism or 
doming and faulting of the enclosing rocks. 

Laccolith of the Black Hills. Six miles north- 
east of the Dike Mountain stock, the Black 
Hills mass of syenodiorite porphyry has been 
intruded between the Pierre shale and the 
Poison Canyon formation on the axis of the 
Greenhorn anticline. The laccolith, which ap- 
pears to be a series of sills, is irregular in plan 
owing mainly to exposure of the underlying 
Pierre shale by erosion. The mass is about 2 
miles long in an east-west direction and about 
114 miles wide from north to south. The Pierre 
shale is slightly altered near the laccolith, and 
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beds of the overlying Poison Canyon form 
tion on the axis of the Greenhorn anticline 
have been further domed by the invasion of 
the magma. On the northwestern Margin of 
the laccolith a small faulted block from th 
Fort Hays limestone member of the Niobran 
formation was carried to its present Position 
by the magma. 

Radial dike swarm of Dike Mountain. The 
Dike Mountain swarm is more radial than that 


of West Spanish Peak and has its focus within} 


the relatively small area occupied by the stock 
of Dike Mountain. Several of the Dike Moun- 
tain dikes apparently join but do not cut the 
stock, 

The outer margin of this radial dike swarm 
is oval in outline with the longer axis trending 
N. 65° E., normal to the axis of the La Vet 
syncline. As in the West Spanish Peak swarm 
the dikes radiating westward are much shorter 
than those radiating eastward (Fig. 3). In con- 
trast to the West Spanish Peak swarm, how- 
ever, there is no great concentration of dikes 
west of the Dike Mountain stock. The wes 
trending dikes are extremely short and cros 
two thrust faults; the longest extends a short 
distance into the nearly vertical beds of the 
Pierre shale. The longest dikes extend east 
northeast along the axis of the oval to withina 
few hundred ieet of the Black Hills laccolith. 
The dikes do not cut the Pierre shale in this 
locality and do not come in contact with the 
Black Hills laccolith. 

Most of the dikes are straight; some, how- 
ever, curve slightly. No areas within the oval 
are strikingly deficient in dikes, and there s 
only one place where one dike intersects 
another of the system. One radial dike is cut 
by an olivine gabbro lamprophyre dike of 2 
small later system southeast of the Dike Moun- 
tain stock. Several dikes southwest of the stock 
terminate in sills. An anomalous nearly 
horizontal sinuous dike terminates in a sil 
emplaced in vertical beds of the Poison Canyon 
formation. This dike may be the result of ir 
vasion of magma into a nearly horizontal 
feather joint associated with nearby thrust 
faults. Only one sill of melasyenodiorite 
porphyry invades the incompetent 
shale of Late Cretaceous age: many sills ir 
truded the same beds near West Spanish Peak. 

The dikes are petrographically similar to the 
syenodiorite porphyry of the stock and att 
facies of syenodiorite: syenodiorite porphys); 
microsyenodiorite, and melasyenodiorite por 
phyry. Dike Mountain stock and its associat 
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Figure 3. Dike Mountain and associated dike swarm 
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dikes probably represent a single magmatic 
phase inasmuch as all the rocks are petro- 
graphically similar and several dikes seem to 
merge with the stock. The magma that formed 
the rocks of Dike Mountain and its associated 
radial dikes may have come from the same 
source as some of the West Spanish Peak in- 
trusive masses. Possibly the invasion of the 
Dike Mountain magma was contemporaneous 
with one of the syenodiorite magmatic phases 
in the West Spanish Peak sequence. 


ORIGIN OF THE DIKE PATTERNS 


Hills (1901, p. 3) apparently believed that 
dikes adjacent to the West Spanish Peak oc- 
cupy radial fissures formed during doming of 
the sedimentary rocks by the emplacement of 
magma. Doming of the sedimentary rocks by 
rising magma theoretically should result in 
vertical tension joints, faults, and perhaps in- 
ward-dipping shear joints (Parker and Mc- 
Dowell, 1951, p. 2076-2086). Subsidence of the 
domed rocks following withdrawal or escape 
of the magma should generally result in ring- 
dike fractures in the rocks (Modell, 1936, p. 
1924-1931; Richey, 1948, p. 49-53). However, 
aside from the presence of dikes intruded into 
what might be vertical radiating joints, there 
is no evidence in the sedimentary rocks 
adjacent to the West Spanish Peak or Dike 
Mountain stocks to support the idea of doming 
by these magmas, and there is no evidence at 
all of ring-dike fractures resulting from collapse 
of domes. 

Recent structural studies indicate that sev- 
eral systems of joints were formed throughout 
the Raton basin by intermittent orogenic 
stresses of varying direction during the folding 
of the La Veta syncline. The writer believes 
that selective intrusion into this older joint 
complex at West Spanish Peak and Dike 
Mountain accounts for the radial nature of the 
patterns. 

At least five times during latest Cretaceous, 
Paleocene, and Eocene time (Johnson and 
Wood, 1956, p. 707-720) the rocks of the 
Raton Mesa region were subjected to stresses 
of varying magnitude and direction. The La 
Veta syncline was formed early in Tertiary 
time and deepened as compressive forces were 
exerted in an east-west direction. Near the end 
of Eocene time major thrusting from the west 
overturned the western limb of the La Veta 
syncline, and thrust plates overrode the 
western part of the Raton Mesa region. 

The folding of the La Veta syncline resulted 
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in the development of shear and tension joing 
especially in the competent sedimentary tock 
of the basin. Figure 4 illustrates the directiga! 
of stress in relation to tension and shear join 
in a hypothetical syncline. Tension joints ¢ 

velop parallel to the principal stress direction 
and shear joints theoretically develop at acuy 
angles bisected by the principal stress directig 
(Anderson, 1951, p. 3-4; de Sitter, 1956, n 
123-125). Later change in the direction 
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Figure 4. Origin of joint patterns in a hypotheticd 
syncline (Modified from de Sitter, 1956, p. 124) 


stress on this hypothetical syncline would 
create new tension and shear joints, creatt 
tension along previously formed shear joints 
or extend existing joints along curved o 
straight lines. Thus, the initial joint system 
(Fig. 4) would be modified into a more com 
plex and random pattern. 

Several types of igneous bodies intruded the 
jointed sedimentary rocks of the Raton basia 
at the close of Eocene time during and follow 
ing the final pulsations of the last majo 
orogenic episode in the region. The igneous 
masses that constitute the West Spanish Peak 
and Dike Mountain stocks were empla 
during this period. These masses apparently 
did not fold the intruded sedimentary roc 
The writer believes that the radial dike swarms 
are fortuitously associated with these two 
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ORIGIN OF THE DIKE PATTERNS 


stocks because of low-viscosity magmas avail- domical, or nearly domical, equipotential 
able for the dike injection subsequent to the _ pressure surfaces, and thus produce radiating 
intrusion of the stocks. Theoretically, the dike systems. The majority of dikes apparently 
magmas would be intruded selectively into were intruded into only those joints normal to 
those pre-existing joints which are normal to _ these equipotential pressure surfaces. 
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L. W. LEROY Dept. Geological Engineering, Colorado School of Mines, Golden, Colo. 


Lunar Features and Lunar Problems 


Abstract: The major features of the Moon (mares, 
highlands, craters, fractures) are briefly reviewed 
to encourage geologists to participate in the solution 
of lunar problems— problems involving the in- 
terpretation of varied land forms, the rock types 


and their distribution, potential ore deposits, and 
lunar tectonics. Special attention is given the 
fracture systems, the origin of the lava filling many 
closed craters, and the origin of the central peak 
complexes. 
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INTRODUCTION 


Recent developments in astrophysics, astro- 
chemistry, and astronautics and the prepara- 
tions being made for man to land on and return 
from the Moon should encourage geologists to 
contribute to the solution of selenological 
problems. Even such fundamental problems 
as the identification of lunar rocks, their origin, 
their distribution, and tectonic fabrics are as 
yet unsolved. 

Systematic analyses of the physiography of 
the Moon originated in 1610, when Galileo 
Galilei pointed his primitive ‘‘optik tube” on 
the Moon and sketched a map of the surface. 
Early workers included Hevelius, Riccoli, 
Mayer, Madler, Beer, Schmidt, Grimaldi, 
Cassini, and Herschel. More recently Good- 
acre, Pickering, Moore, Lyot, Urey, Whipple, 
Kuiper, Wilkins, and Baldwin have been 
prominent in lunar investigations. Gilbert 


(1892) and Spurr (1944; 1949) pioneered in 
using a geologic rather than geographic ap- 
proach to the study of the relief features and 
structural components of the Moon’s surface. 

For decades men with inadequate back- 
grounds in geological fundamentals have at- 
tempted to map the Moon’s surface; as a result, 
some of the interpretations are vague and the 
conclusions fantastic. 

The writer initiated his investigations a year 
prior to the orbiting of Sputnik I and has 
studied approximately 4,000,000 square miles 
(Fig. 1) in some detail. Transparent positive 
photographs from the Mount Wilson Observa- 
tory and enlarged prints from the Lick Ob- 
servatory were used for study. All figures are 
oriented with north at the top, the position as 
observed from the Earth; thus east is to the 
left, and west is to the right. 

Many lunar surface features are similar to 
those of the Earth and offer great potentialities 
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for comparison for those interested in regional 


structure and geomorphology of the Earth’s 


crust. 


FACTS ABOUT THE MOON 


With the improvement of the telescope, 
photographic techniques, and electronic equip- 
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averaging 238,857 miles. Approximately 273) 
days are required for it to circle the Earth 
During this time it rotates once on its axis 
thus exposing only one side (actually 59 pe 
cent because of orbital fluctuations) for Earth 
observation. The Moon moves in an almos 
total vacuum and is practically devoid of a 
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Figure 1. Index map of the lunar area studied. Shaded areas represent mares, 
unshaded areas, highlands. Numbers 1, 2, 3, and 4 correspond to areas mapped, 
in Figures 4, 5, 6, and 7. Top diagonally ruled area common to maps | and 
2; lower diagonally ruled area common to maps 2 and 3 


ment, and systematized study, the problems 
of the Moon are now better understood; how- 
ever, the ultimate answer to many of them 
must await direct landings. 

The Moon’s diameter is 2160 miles in com- 
parison to 7900-7918 miles for the Earth. Its 
total surface area is about 1/13th that of the 
Earth (14,690,700 square miles versus 198,- 
939, 363 square miles). Compared to the Earth, 
its volume is 1/49, its density 0.6, and its 
surface gravitational pull 1/6. Its distance from 
the Earth ranges from 221,463 to 252,710 miles, 


atmosphere because its pull of gravity is ir 
sufficient to retain such light gases as hydrogen, 
oxygen, helium, ammonia, methane, and nitro 
gen. The heavier gases (carbon dioxide, chlo 
rine, sulfur dioxide, ozone, and phosphorous 
varieties) may be present in trace amounts. 
Pettit and Nicholson (1930) and Pettit (1940) 
have recorded surface temperatures ranging 
from 134°C. (full Moon) to — 121°C. (eclipse 
totality) (dry ice = -78.5°C.) with a vacuum 
thermocouple. 

During the past 100 years, some astronomers 


have r 
and tof 
these te 
change: 
differer 
judgme 
reporte 
crater 
astrono 
The 
determ 
availab 
sis, Silt 
rocks, s 
ably wi 
mentar 
by laye 
minor 
Moon’s 
5.6 of 
it does | 
The 1 
highlan 
by thou 
Relative 
interruy 
tures, al 
cover tl 
Plate: 
(highlan 
lunar su 
by the ] 
suggests 
of the N 


MAJOR 
Highlane 


The | 
about 6( 
are 
thousanc 
sizes and 
tion, Ex 
land roc 
ae no a 
trends, 
those cor 
are prob; 
able thic 
rocks ma 
of the m 
they are 
dust, 

Wilkin 


MARE 
(| IMBRIUM Posidonius 
37 
LLL DALE 
E PROCES FOECUNDITATIS 
NUBIUM 
MARE 
HUMORUN 


If have reported minute changes in color tints 


and topography of the surface. Others attribute 
these to variations in the Sun’s illumination, to 
changes in the Earth’s atmospheric blanket, to 
differences in shadow patterns, or to error in 
judgment and interpretation. Kozyrev (1959) 
reportedly recognized a gas emission from the 
crater Alphonsus (Pl. 1), but several other 
astronomers question this. 

The composition of lunar rocks can be 
determined specifically only when they are 
available for chemical and spectrographic analy- 
sis. Silicic and mafic igneous and meta-igneous 
rocks, similar to those of the Earth, are prob- 
ably widespread on and near the surface. Sedi- 
mentary types are probably represented only 
by layers of percussion dust and perhaps by 
minor amounts of volcanic ash. Since the 
Moon’s average density is 3.3 as compared to 
5.6 of the Earth, it is reasonable to assume that 
it does not have a metallic or submetallic core. 
The moonscape exhibits extreme relief. The 
highlands are rugged, fractured, and pocked 
by thousands of craters of varying dimensions. 
Relatively flat lava plains, whose surfaces are 
interrupted by craters, ridges, occasional frac- 
tures, and isolated mountain ranges and peaks, 
cover thousands of square miles. 

Plates 1 and 2 show the major features 
(highlands, mares, craters, fractures) of the 
lunar surface. The historic photograph taken 
by the Russian Lunik III on October 7, 1959, 
suggests that similar features exist on the back 
of the Moon. 


MAJOR LUNAR FEATURES 
Highlands 


The lunar highlands (Pls. 1, 2) constitute 
about 60 per cent of the visible surface. They 
are rugged, highly fractured, and dotted with 
thousands of craters and craterlets of different 
wes and shapes, in various states of preserva- 
tion. Except for fracture lineaments, the high- 


Jind rocks appear to be very uniform; there 


a no apparent flow structures or schistosity 
trends, Possibly they are more silicic than 
those composing the mares; like the mares they 
ae probably covered with dust layers of vari- 
ible thickness and distribution. The highland 
‘cks may be the same composition as those 
ofthe mares but appear light colored because 
re are covered with percussion or volcanic 
ust, 

Wilkins and Moore (1954) list 20 major 
fountain ranges, among which are the Car- 
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pathians, Apennines, Caucasus, Alps, and Juras 
that border Mare Imbrium (Pls. 1, 2). Of 
these, the Apennines are the most spectacular, 
They are jagged, highly fractured, extend for 
400 miles, and have a steep escarpment facing 
Mare Imbrium. Mount Huygens, the highest 
peak, rises 18,500 feet above the mare surface. 
Several other peaks along the crest line are 
12,000 to 16,000 feet high. The major fractures 
(Fig. 2) through the range are approximately 
perpendicular to the front escarpment and are 
responsible for numerous deep, narrow canyons. 
The Caucasus are rugged and represent the 
northwestern extension of the Apennines. The 
Alps and Juras are highly fractured and exhibit 
extreme relief. The Carpathians, which lie just 
north of the crater Copernicus and _ partially 
mark the southern boundary of Mare Imbrium, 
are comparatively low but highly fractured. 
Many of the valleys are lava-filled. 

The most massive of all lunar ranges is the 
Leibnitz Mountain range in the southern 
polar region where peaks rise 35,000 feet or 
more (Wilkins and Moore, 1954). 


Mares 


Lunar mares (“‘seas” of early observers) 
cover approximately 40 per cent of the Moon’s 
visible surface (Fig. 1). Most observers believe 
that they are lava plains covered possibly with 
a dust veneer of variable thickness and distri- 
bution. Nine major mares, excluding Oceanus 
Procellarum, are discernible. The outlines of 
these range from nearly circular to irregular. 
Portions of their borders can be delineated 
only approximately. The fracture systems of 
the surrounding mountainous areas locally 
control their configuration. 

The surfaces of the mares are relatively dat 
compared to those of the adjacent highlands. 
They have thousands of post-mare craters and 
craterlets, low, rounded, sinuous, in some cases 
bifurcating ridges, isolated jagged mountain 
peaks, dust rays and spots, occasional fractures 
and faults, and ghost rings of lava-flooded, pre- 
mare craters. 

Plate 2 clearly shows the narrow trenches 
(open fractures partially filled with lava) just 
east of Mare Tranquillitatis. Several of these 
trenches are 3-4 miles wide, 500-1000 feet deep 
(estimated), and extend across the mare surfaces 
for 100 miles or more. 

Well-defined, low, rounded ridges (‘‘pres- 
sure” ridges of some workers) occur in the 
northwestern part of Mare Imbrium and on 
Mare Frigoris (Pl. 1) and Mare Serenitatis 
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(Pl. 2) and may represent fractures from which 
lavas issued or may have developed during 
the flow and cooling stages of the lavas; similar 
features have been observed commonly on the 
surface of smelter slag flows. They may also be 
due to frictional drag of the lava across an 
irregular topography. Urey (1956b, p. 163) 
believes them to be ‘“‘. . . waves of lava, or 
more likely . . . piles of dust, produced by 
great slippages of loose dust or mud over the 
moon’s surface, similar to mud flows on the 
bottoms of terrestrial oceans.” 

The ‘‘Straight Wail” (Pl. 1) on the south- 
western margin of Mare Nubium is a most 
prominent post-mare fault. It is downdropped 
on the east, has a vertical displacemert of 800 
feet, and is 60 miles long (Wilkins and Moore, 
1954). The northeast-southwest orientation 
parallels the fracture system developed north 
of the crater Ptolemaeus. 

In the northern and northwestern part of 
Mare Imbrium several minor mountain ranges 
rise 8000 feet above the mare floor; also there 
are two isolated peaks (Pico and Piton) that 
are recorded as 8000 and 7000 feet in elevation 
respectively (Wilkins and Moore, 1954). 

Many near-circular dust spots, 2-3 miles in 
diameter, possibly representing impacts of 
small solid bodies, are distributed randomly 
over the mares. Dust rays from some of the 
larger post-mare craters extend for hundreds of 
miles across the mares and highlands, as for 
example those radiating from Copernicus and 
Tycho (PI. 1). 

Mare Imbrium, the most famous of all lunar 
“‘mares”’ is nearly circular, has a diameter rang- 
ing from 500 to 700 miles, and encompasses 
approximately 340,000 square miles (Baldwin, 
1949)—an area as large as Colorado, Wyoming, 
Utah, and Arkansas combined. On the north 
and northwest it is bordered by the Jura and 
Alps mountains, on the west and southwest by 
the Caucasus and Apennine ranges, and on the 
south and southeast by the Carpathians. To the 
east its limit is marked by only occasional 
isolated highland blocks. This great partially 
rimmed area may have originated from the 
collapse of a low dome, which during its de- 
velopment was responsible for the conspicuous 
radial fracture pattern known as the Imbrium 
system (Gilbert, 1892) (Fig. 2). During and 
subsequent to collapse prominent fault scarps 
originated along the fronts of the bordering 
mountains. Similar mechanics could account 
for the circular or angular outlines of mares of 
Serenitatis (Pl. 2), Humorum (Pl. 1), and 
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Crisium (Pl. 2). Gilbert (1892) suggested the 
Mare Imbrium originated from an impact of 
large solid. This writer favors the impac. 
explosion theory for the origin of this mare anj 
other near-circular mares (Serenitatis, Crisium| 
on the basis of evidence presented hereafter, 

The mare rocks cannot be classified as tg 
composition until samples are available fq 
analysis. However, it seems reasonable tp 
assume that these rocks are mafic or even 
ultramafic on the basis of differences in fe. 
flected light. This writer believes that differ 
ences in color tints on the mares, as in the 
western part of Mare Serenitatis, can be ex- 
plained by compositional variations of the 
lavas or by unequal distribution and thicknes 
of a dust veneer. 

Mare melts appear to have issued from 
fractures produced by the refusion of the 
subsurface rocks due to pressure release by 
impact-explosion crater excavation. 

The mares are younger than the highlands, 
since the lava has flowed into many bordering 
valleys; however, the question remains, “Are 
they all the same age?” 


Craters and Craterlets 


Craters and craterlets are distributed rar 
domly over most of the lunar surface. They 
are most numerous in the highlands of the 
southern hemisphere (Pls. 1, 2). Baldwin (1949) 
suggests that at least 200,000 dot the lunar dis 

With few exceptions, all the craters and 
craterlets are circular or nearly circular. Part 
ridge and Vanfleet (1958) have shown in high: 
velocity experiments that pellets striking 
surface, regardless of the incident angle, form 
craters which are approximately circular. They 
found that when pellets strike a surface at an 
angle of incidence greater than 45°, material i 
swept along the surface in the direction of the 
velocity component. Several of the larger 
craters, including Ptolemaeus and Alphonsus 
(Pl. 1), have angular outlines as a result of 
fracture systems intersecting their partially 
collapsed rims. 

The origin of lunar craters and craterlets ha 
been a major controversial topic. They have 
been attributed to (1) violent, large-scak 
volcanic eruptions, (2) gaseous bubble-burss 
in a semiviscous outer lunar layer, (3) dentatioi 
by meteorite or asteroid impact, and (i 
excavation by solid impact-explosion. Mos 
modern lunar workers favor the last—a proce’ 
that was responsible for the famous Barring 
crater of Arizona, the craters of Siberia 
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Australia, and the Chubb crater of northern 
Canada. 

As Scheidegger (1958) stated, “. . . a 
meteorite would strike the surface of the Earth 
or Moon at a speed of some 20 km/sec. (43,200 


which may represent a volcanic rift zone. A 
similar alignment is evident along a prominent 
southwest-northeast fracture north of Ptolema- 
eus and Albateginus (Fig. 5). 

Of the estimated 200,000 craters and crater- 


i- PLATO 
2- COPERNICUS 

3- ERATOSTHENES 
4- ARCHIMEDES 

5- ARISTILLUS 

6- AUTOLYCUS 
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8- EUDOXUS 
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10-MANILUS 
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'4-BULLIALDUS 
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Figure 2. Generalized trends of the major fracture systems in the area investigated. 
Note the radial fracture pattern surrounding Mare Imbrium and the two promi- 
nent fracture sets (northwest-southeast and northeast-southwest) in the southern 
hemisphere. Similar sets are less conspicuous northwest of Mare Imbrium. Light 
areas represent highlands, shaded areas mares. The eastern and western thirds 
of the area have not yet been analyzed sufficiently by the writer to extend the 


fracture pattern. 


}} m./hr.), become vaporized and thus create the 


ect of an exploding super-bomb.” Urey 
(1956a) believes that the arrival speed of solids 
on the Moon would not be greater than 2.4 
km/sec (5184 mph). Partridge and Vanfleet 
(1958) produced craters similar to those on the 
Moon including those having central peaks and 
radiating rays by firing pellets into wax, plaster 
of paris, and metals at velocities of 1 to 3 
im. /sec. 

Locally, craterlets show alignment, as for 
‘ample, those northwest of Copernicus (PI. 1), 


lets, 150 exceed 50 miles in diameter (Baldwin, 
1949). Thousands of craterlets are less than 1 
mile in diameter. Clavius, south of Tycho in the 
southern highlands (PI. 1), is one of the largest 
lunar craters, assuming that the circular mares 
are not included in the crater category. It is 
132 miles in diameter and attains a depth of 
16,000 feet; its fractured and craterlet-pocked 
rim rises 5400 feet above the surrounding 
topography (Wilkins and Moore, 1954). Some 
workers refer to the interior depression as a 
‘‘walled plain.” Copernicus (Fig. 4), another 


d that & 
mpact- : 
ire and 
isium| 3 
fter, 
aS to 4 
Ne for | 
dle to 
| 
in | N 
die 
in the | CA | 
} 
) | 
3 
| Ox) 
hlands, 
“ ‘Are | \ Ww 
e) | 
| \\ 5 | 
ar disc. \ | 
rs and | — | 
n high: 
king — 
>, form 
at all 
rerial is 
the 
jhonsus | 
sult of 
lets has 
y have sees 
ze-scal 
bursts 
ntation : 
nd (4 
Mast 
proces 
irringe! 
ria and 


596 L. W. LEROY—LUNAR FEATURES AND LUNAR PROBLEMS 


prominent flat-floored crater in the equatorial 
region just south of the Carpathian Mountains, 
is 56 miles across, 11,000 feet deep, and has a 
rim extending 3300 feet above the surrounding 
mare surface. Tycho (Pl. 1), the most spectacu- 
lar and most readily identified crater in the 
southern hemisphere, is 54 miles in diameter, 
12,000 feet deep, and has a rim rising 7900 feet 
above the rugged highland terrain. This crater 
exhibits one of the most conspicuous radiating 
dust-ray patterns on the lunar surface. Other 
prominent large-diameter craters include 
Maginus (110 mi.), Horbiger (100 mi.), 
Ptolemaeus (90 mi.), Aristoteles (60 mi.), and 
Archimedes (50 mi.). Eratosthenes, near the 
eastern extremity of the Apennine Range, is 
38 miles in diameter and 16,000 feet deep, and 
its rim rises 8000 feet above the mare surface. 
Ruduaux and Vancouleurs (1959, p. 133) 
record a crater (Newton) whose rim extends 
30,000 feet above its floor. According to them 
Bailly is the largest of all observable craters 
and has an estimated diameter of 180 miles, 
Figure 3 shows diameter-depth relationships 
of some of the large, lava-filled, central-peaked 
craters. 

Lunar craters show a wide range of preserva- 
tion. The smaller and medium-sized (25-50 
mile-diameter) craters generally have clearer 
outlines than the larger ones, whose rims are 
commonly modified by superimposed younger 
craters, by fracturing, landsliding, and by lava 
flooding. Clavius, Maginus, and Horbiger (PI. 
1) in the southern hemisphere are among the 
many that illustrate extreme destruction. Sinus 
Iridum, forming a semicircular. embayment 
along the northern margin of Mare Imbrium, 
is a partially destroyed crater. Its open front is 
150 miles across and for the most part is sur- 
rounded on the east, north, and west by rugged 
ranges. The breaching of this crater suggests 
that it predates Mare Imbrium, assuming that 
the latter was produced by solid collision as 
Gilbert (1892) postulated. Numerous examples 


of crater flooding by mare melt can be observe; 
on Mare Nubium. 

Many pre-mare and a few of the larger pos. 
mare craters exhibit concentric landslid; 
around the inner part of their rims. Copernicus 
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Figure 3. Cross sections of several prominent 
craters. Drawn to approximately natural 
scale. These craters are lava-filled (gray), 
have flat floors, and all have a central or near 
central peak complex (black) except Plato. 
C. P. = elevation of central peak; D = 
depth from rim to floor. See Plate 1 for 
locations. 


and Eratosthenes, northwest of Copernicus, 
illustrate this phenomenon (PI. 1). In many 
instances, slide blocks have moved 5-20 miles 
toward the center or near center of the craters 

Crater floors exhibit a wide diversity 0! 
features. In some, the floors are relatively flat, 
as in Plato, Archimedes, and Ptoleiaeus (Pl. 
1); in others, the floors are slightly concave 0 
even convex. Several craters have floors 4 
moderate relief and consist almost entirely 0! 


Pirate 1. LAST QUARTER OF THE MOON 


Note the large circular Mare Imbrium (G-5) in the northern hemisphere, the radial-ray systems ol 
Kepler (C-12) and Copernicus (D-12), and the crater-pocked highiands in the southern hemisphere 
Alphonsus (I-14), Alps (L-3), Apennine Mountains (J-9), Archimedes (J-7), Aristarchus (B-8), Aristillu 
(K-6), Arzachel (J-15), Autolycus (K-7), Carpathian Mountains (D-10), Clavius (G-20), Copernic’ 
(D-12), craterlet alignment (F-11), Eratosthenes (G-10), fractures (I-13), Horbiger (H-17), Jura Mowe: 
tains (E-2), Kepler (C-12), Maginus (H-19), Mare Frigoris (I-1), Mare Humorum (C-16), Mare Imbrius 
(G-5), Mare Nubium (F-16), Oceanus Procellarum (A-12), Pico (J-3), Piton (K-4), Plato (J-2), Ptolemaes 
(I-13), Sinus Iridum (E-3), Straight Wall (G-16), Teneriffe Mountains (G-2), Tycho (G-18). Photograp! 
courtesy of Lick Observatory, Mount Hamilton, California 
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large angular rubble blocks that were derived 
from rim landslides, e.g., the crater Hell within 
Horbiger. One or more central or nearly central 

aks rise conspicuously above the flat-floored 
surfaces of a number of craters (Copernicus, 
Eratosthenes). The floors of some craters, in- 
duding Aristillus and Eratosthenes, lie several 
thousands of feet below the outer surrounding 
area. Many small craterlets, minor subsidence 
fractures, and low ridges characterize some 
fat-floored, lava-filled types. The writer in- 
terprets the material forming the flat floors of 
the unbreached craters as solidified melt that 
entered the craters from a deep-seated source 
developed just subsequent to excavation of the 
crater by impact explosion. The melt appears 
to have originated as a result of fusion by 
pressure release on the subsurface rocks con- 
fined under a high-temperature environment. 
The filling of craters by melt could be com- 
pared with the lava upwelling of Hawaiian 
volcanoes. Numerous flat-floored craters in the 
mare areas are due to mare flooding through 
their breached and fractured rims. 

Central or nearly central peaks attaining 
elevations of 4000 feet or more above crater 
floors are prominent in Copernicus, Tycho, 
Eratosthenes, Alphonsus, and Arzachel (PI. 1). 
The summits of the peaks invariably lie below 
the crater rims. Various writers have thought 
that the peaks originated as intracrater volcanic 
cones, as remnants of the original impacting 
wlid, as fall-back blocks after impact, or as a 
result of gravitational recoil of material follow- 
ing the impact of a solid into a semiviscous 
lunar layer. This writer believes that the 
majority of these rugged, jagged elements are 
blocks of material that have slid 25 miles or 
more from the crater rim into the central area. 
Several craters that are not filled with melt 
show a central rubble-block complex traceable 
to collapsed rims, and were these craters 
partially mare-filled, peaks would protrude 
above the flat floor. Moore and Wilkins (1954) 
lave observed craterlets on some central peaks, 
which suggests a volcanic origin. Partridge and 
Vanfleet (1958) found that sometimes hardened 
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steel and magnesium pellets fired into steel 
targets at a velocity of 1.5 km/sec would be 
deformed and remain in the target as a central 
peak lacking a summit depression. 

Light-colored dust rays varying in length, 
width, and distribution conspicuously radiate 
from the craters of Tycho, Copernicus, and 
Kepler. Plate 1 illustrates the complicated 
radiating pattern from Copernicus and Kepler. 
Under favorable illumination, a prominent and 
extensive ray system from Tycho is observable. 
Several of its rays extend for 500 miles or more 
across the rugged topography of the southern 
hemisphere. Observers, including Spurr (1944) 
who support the hypothesis of volcanic origin 
of craters attribute these rays to fracturing of 
the lunar crust during volcanic explosion. 
Those favoring the  solid-impact-explosion 
hypothesis of crater origin consider the rays a 
result of directional percussion as commonly 
occurs around bomb craters of World War II 
(Baldwin, 1949). Partridge and Vanfleet (1958) 
have produced radiating rays by firing a lead 
pellet into a lead surface at a velocity of 2.2 
km/sec. 

Thousands of small- and medium-sized post- 
mare craters do not exhibit radiating rays. 
Absence of radiating rays may be explained, as 
for example around the craters Helicon, 
Leverrier, and Lambert on Mare Imbrium 
(Fig. 4), by impact into a semiviscous mare 
melt or perhaps by the direction of the impact- 
explosion forces from the explosion point so 
that the dust was distributed as a uniform 
blanket over the surrounding mare surface. 
Urey (1956) suggests that their absence may 
be due to dispersion of the dust in a temporary 
atmosphere. Rays probably extended from 
many of the older craters but have been subse- 
quently obliterated by younger impacts, lava 
flows, and mantles of dust. 

A series of closely spaced grooves and low 
ridges radiate from Aristillus (Pl. 1). Similar 
ridge-groove patterns occur on the southern 
flank of Eratosthenes and Aristoteles. They 
may represent a dike system comparable to 
that of the Spanish Peaks of south-central 


Pirate 2. FIRST QUARTER OF THE MOON 
Note the circular to roughly hexagonal mares of Serenitatis (P-5a) and Crisium (S-6a), and the numerous 
‘raters in the southern hemisphere. Alpine Valley (M-1a), Aristoteles (O-1a), Caucasus Mountains (N-3a), 
Eudoxus (O-2a), fracture trenches (N-8a), Mare Foecunditatis (S-9a), Mare Nectaris (R-10a), Mare 
Swenitatis (P-5a), Mare Tranquillitatis (R-7a), Mare Vaporum (M-7a), Posidonius (Q-4a). Photograph 
courtesy of Lick Observatory, Mount Hamilton, California 
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Colorado, or they may have been produced 
by solid blocks blown across a thick layer of 
mare dust as Baldwin (1949) suggested. 
Lunar craters and craterlets vary in age. 
Some are pre-mare; others are post-mare. Those 
of the highlands can be dated with respect to 
each other only on the basis of their intersection 
relationships. The smaller craters are invariably 


superimposed on the larger, as for example 
the northeast rim of Thebit (Fig. 6), Ths 
relationship can be explained possibly by (l) 
progressive hardening and thickening of th 
lunar crust during impact of solids (Baldwi 
1949), (2) progressive reduction of volcanic 
intensity as the Moon aged, and (3) the lung 
sphere passing through a former zone of solid 


APPROX. 200 Mi. 


Iridum ,-' 
te 
° 


KE 


FRIGORIS 


VAPORUMs 


4 


LeRoy'58_} 


Figure 4. Map showing relationship of Mare Imbrium and Mare Frigoris (shaded) 
to their surrounding highlands. See Figure 1 for location. Note the conspicuous 
radial Mare Imbrium fracture system and the complex fracture system northeast 
of the Apennine mountain front. Mare Imbrium ranges in diameter from 500 to 
700 miles and covers 340,000 square miles. The short broken lines represent low 
ridges on the mare surface. Note the isolated mountain ranges (Straight and 
Teneriffe) in the northern part of the mare surface and the large breached crater 
which forms Sinus Iridum. The breaching of this crater suggests that it is older 
than Mare Imbrium. Thousands of small craterlets occur on the Imbrium surface. 


Based on Mount Wilson Observatory 
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imple o whose sizes diminished toward the outer part system (Imbrium system of Gilbert, 1892) 
6). Thi of the zone. Partridge and Vanfleet (1958) sug- radiates from the margins of Mare Imbrium. 
y by () gest the possibility of such crater superposition The fractures are prominent and clearly 
g of th originating by skipping of an impacting frag- observable across the Alps, Caucasus, Apen- 
Baldwin, eas nines, and Carpathians (Fig. 4). Some extend 
Volcanic for hundreds of miles and as far south as the 
a Fracture Systems Ptolemaeus-Alphonsus crater trend (Fig. 5) as 
0 


Figure 2 summarizes the fracture systems of 
the north-south central portion of the lunar 
surface. This pattern is based on the semide- 
tailed maps (Figs. 4-7). A most impressive 


well as into the region north of Mare Frigoris. 

The highland-mare relationships indicate the 
major fracture systems were formed early in 
lunar history. Post-mare fracturing is locally 
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Figure 5. Map showing complicated fracture fabric in the highlands south of 
Mare Imbrium and west of Mare Nubium. See Figure 1 for location. These 
fractures, at least in part, represent a portion of the radial Imbrium system. 
Short dashed lines indicate ‘‘pressure” ridges on the mare surface. Note the ( 
craterlet alignment along the northeast-southwest fracture north of Ptolemaeus 
and Albateginus. Based on Mount Wilson Observatory photograph 


| 
fe 


evident, as shown by the Straight Wall. The 
Alpine Valley, southwest of Plato, is an excel- 
lent example of a graben in the Imbrium 
system. This lava-floored valley is 80 miles 
long, 3-6 miles wide, and is flanked by moun- 
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the north, east, and south flanks of Map 
Serenitatis (Fig. 7). 

As Figures 4-7 show, the fracture systema 
the lunar surface is complicated; the age rey 
tionship of the fractures, and their origig 
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Figure 6. Map showing fracture system in the highland area of the southern 
hemisphere. See Figure 1 for location. Note the two sets of fractures in the 
southern portion of the area. Based on Mount Wilson Observatory photograph 


tains rising 10,000 feet or more above it 
(Wilkins and Moore, 1954). 

Two sets of fractures, intersecting at approxi- 
mately 60°-120° are prominent in the southern 
highlands (Fig. 6). The major fracture fabric is 
northeast-southwest in the Ptolemaeus-Ar- 
zachel crater trend (Fig. 5) and is part of the 
Imbrium system. A similar pattern occurs on 


distribution, and displacements (if any) ate 
suitable subjects for further study. 


LUNAR WEATHERING 


The bare, rugged lunar surface has not been 
subjected to the terrestrial action of rails 
rivers, glaciers, waves, and winds. Lunar-rock 
disaggregation results from extremes of su: 
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temperatures (134°C. to -121°C.), impact 
fracturing fragmentation, and crustal and sub- 
crustal tectonic stresses. Chemical weathering 
has undoubtedly played a role in the modifica- 
tion of the rocks at times in lunar history— 


LUNAR WEATHERING 


LUNAR MINERALIZATION 


The type, distribution, concentration, and 
origin of lunar mineral deposits are problemati- 
cal. However, it is not unreasonable to assume 
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photograph 


particularly during the entry and spreading 
ofthe mare and crater melts and their associ- 
ited gases and liquids. Hydrothermal alteration, 
cally and regionally, could have been promi- 


eat during the various stages of lunar crustal 
wlidification, 


Figure 7. Map showing fracture system surrounding Mare Serenitatis and the 
western part of Mare Frigoris. See Figure 1 for location. Note that Mare Sereni- 
tatis has less craterlets than Mare Imbrium. Based on Mount Wilson Observatory 


that most of the minerals in the Earth’s crust 
exist on and within the lunar skin. Why should 
not such processes as magmatic segregation, 
metasomatism, and hydrothermal alteration 
have occurred in lunar history? Assuming that 
the highland rocks (light-colored) are silicic or 
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intermediate types and that the mare rocks 
(dark) are mafic or ultramafic, would it not be 
possible for such minerals as gold, silver, lead, 
and zinc to occur in the former and magnetite, 
ilmenite, nickel, cobalt, and pyrrhotite in the 
latter? 

Mineralization could well be associated with 
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Figure 8. Sketch showing fracture fabric in 
the Ptolemaeus crater area. See Figure | for 
location. These fractures are part of the 
Imbrium system. Note the craterlet (possi- 
bly volcanoes) alignment along the north- 
east-southwest fracture just north of 
Ptolemaeus and Albateginus and the better 
development of the northeast-southwest 
fractures as compared to those oriented 
northwest-southeast. Based on Mount 
Wilson Observatory photograph 


and controlled by the fracture systems—par- 
ticularly at major intersections. Ore deposits 
could also concentrate along the contacts of the 
silicic and mafic types. Hydrothermal sotutions 
migrating through compositionally favorable 
dust layers might accommodate mineral de- 
velopment and enrichment. The problem of 
lunar mineralization is of major importance in 
the space-research program. 


LUNAR PROBLEMS 


The solution of many problems concerning 
the lunar surface must await a contact land- 
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ing—either by man or by instruments designs 
to relay information back to Earth. . 
Among the first projects should be ty 
establishment of a triangulation network g 
survey points that would serve as control { 
topographic maps which, in turn, 
constitute a base for geologic investigatiog 


Index Map © Our 


Scheiner= 


Blancanu: 


Figure 9. Sketch illustrating two prominent 
intersecting fracture systems in the Clavius 
crater (‘‘walled plain’’) area. See Figure | 
for location. Clavius is 132 miles in diameter 
and its rim is locally offset by fractures. 
This fracture pattern is well developed in 
the southern hemisphere and is summarized 
in Figure 2. 


(Landen, 1959; Kopal, 1959). Such maps, 
at least part of the lunar surface, can be prej 
pared from Earth observation if favora 
stereographic techniques can be devised. An 
other important project is to determine th 
various rock types and their ages, distribution 
and relationships. Determination of the origi 
of the mares is of utmost importance; th 
should include the source of material, th: 
surface features, and relative ages. A detail 
analysis of the distribution and age relationshi 
of the fracture systems would contribute ! 
better understanding of lunar structu 
history. Emphasis should be placed on th 
origin, structure, and age relationships of t 
craters. Concern should be given to the po’ 
tential mineral deposits and to such proc 
as hydrothermal alteration, metasomatism, af 
magmatic segregation. Careful geomor 
studies would aid materially in deciphering th 
origin of lunar relief and its reflection of tec 
tonic trends. The answer to the question 

life in any form exist on the Moon?” is of gre 
importance. 
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Algodones Dunes of Southeastern California 


Abstract: The Algodones dune belt, which is 40 
miles long in a northwesterly direction, 3-6 miles 
wide, and has individual dunes 200-300 feet high, 
lies along the southeastern border of the Cahuilla 
Basin, a structural depression in southeastern 
California. Much of the basin is below sea level 
and includes Imperial and Coachella valleys. The 
lowest portion of the basin is now occupied by the 
Salton Sea. 

Most detritus enters the basin from the high 
mountains to the west and northwest; little ma- 
terial is contributed by the lower, drier desert 
ranges to the east. 

The dunes appear unsystematic from the ground, 
but as seen from the air they consist of long north- 
west-trending ridges on the west which indi- 
vidually curve eastward and disappear in a com- 
plex of prominent south-facing slip faces. In the 
central and southern part of the dune area some of 


the slip faces are 200-300 feet high and overlook 
large fixe:Raeined, sand-free depressions which are 
interpreted as exposed parts of the desert floor over 
which a succession of large, closely spaced complex 
barchans is advancing. Present conditions favor 
destruction of the depressions by encroachment of 
sand in the form of small linear ridges and barchan 
dunes from the transverse dunes. 

Color and degree of rounding of the sand grains 
indicate that the dunes are now less active than in 
the past and that the amount of sand is not increas- 
ing significantly. 

The dunes were probably produced by wind 
transport of sand inshore from the beaches of Lake 
Cahuilla, a much larger forerunner of the Salton 
Sea. The large volume of material in these ancient 
beaches indicates vigorous wave and current action 
along the northeastern shore of the lake. 
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INTRODUCTION 
Scope of Report 


The Algodones Dunes form a great sand 
tract stretching more than 40 miles along the 
‘astern margin of the Imperial Valley in south- 


eastern California (Fig. 1). Although one of the 
larger tracts of wind-blown sand in United 
States, these dunes have received scant atten- 
tion in the literature. The only reference we 
know in which the dunes are described in any 
detail is the water-supply study of Brown (1923). 
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Our study considers the geomorphic setting, 
the morphology, and the origin of the dunes 
with particular reference to the relationships 
between the dunes and the shore line of ancient 
Lake Cahuilla!, a body of water which occupied 
the basin intermittently from approximately 
Late Pleistocene time until a few hundred 
years ago. We have also investigated physical 
and mineralogical characteristics of the sand in 
the dunes. Dynamics of sand movement have 
not been considered except where involved in 
the problem of origin because studies of this 
sort are available (Bagnold, 1954). 


Previous Work 


Writers who have given brief attention to 
the dunes are: Blake (1857; 1907; 1914), Or- 
cutt (1890), Mendenhall (1909a; 1909b), Mac- 
Dougal (1907; 1914), Sykes (1914; 1926; 1937), 
Kniffen (1932), Darton (1933), and Norris 
(1958). Brown (1923) analyzes the wind move- 
ments in the area and concludes that the dune 
sands were derived mainly from Lake Cahuilla 
beaches and that they have migrated eastward 
to the present position of the dune field. 


Acknowledgments 


This study has been supported since 1955 in 
part by the Research Committee of the Uni- 
versity of California, Santa Barbara, and in 
part by the authors themselves. Assistance in 
the field on one or more occasions was provided 
by Glenn H. Miller, Robert H. DeWolfe, 
Robert D. Norris, and Virginia O. Norris. Ac- 
cess to the canal roads along the otherwise al- 
most inaccessible west side of the dunes was 
made possible through the courtesy and co- 
operation of J. M. Sheldon and Mrs. Gordon 
Hardey of the Imperial Irrigation District. 
John S. Shelton of Pomona College kindly pro- 
vided several of the aerial photographs in- 
cluded in this report. 

The senior author is grateful to Jorge A. 
Broggi of Lima, Peru, for the opportunity to 
visit some of the great Peruvian dunes and to 
discuss the problems of their origin. 

For helpful suggestions and critical review 
of the manuscript the writers are much in- 
debted to William S. Cooper, Arthur D. 
Howard, John P. Miller, and Robert W. Webb. 


' The name Lake Cahuilla (Blake, 1907) is used here 
in conformity with U. S. Geological Survey usage, al- 
though Lake LeConte of Bailey (1902, p. 12) has clear 
priority. 
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GEOLOGIC AND GEOGRAPHIC 
SETTING 


The Cahuilla Basin, in which the Algodong 
Dunes are located, is at the northern end of; 
great structural trough that extends sever 
hundred miles to the south and is largely occu. 
pied by the Gulf of California. The Cahuill 
Basin is now separated from the gulf by alo 
alluvial divide deposited by the Colorad 
River. Blake visited the dry basin in 1853, 5) 
years before the present Salton Sea was formed, 
and suggested that the Gulf of California had 
been cut off by construction of the Colorado 
River delta and that the sea water thus trapped 
simply evaporated to produce the salt deposit 
evident in the lowest part of the basin (Blake, 
1857, p. 235-238). Later studies have show 
that the history of the basin is much more 
complicated, including at least two fresh-water 
lakes and an intervening marine stage (Hubb: 
and Miller, 1948, p. 108-111). The present 
Salton Sea, formed from 1905 to 1907, occupies 
the bottom of the basin and has a surface eke 
vation of about —240 feet. 

The mountains surrounding the Cahuilk 
Basin are composed of crystalline igneous and 
metamorphic rocks, including granitic, vol 
canic, and metasedimentary rocks ranging in 
age from Precambrian to Tertiary. A consi¢- 
erable thickness of Tertiary marine and con- 
tinental sedimentary rocks is present in both 
the Orocopia and Vallecito mountains (Fig. |). 

The only important streams now entering 
the basin rise in the high mountains to the 
west and northwest. These streams catty 
quantities of sand and gravel, mostly from 
igneous and metamorphic sources. The flow of 
these streams, and consequently transportation 
of detritus into the basin, was probably greatly 
increased during the pluvial stages of the 
Pleistocene (W. C. Thompson, personal com 
munication), although the climate of the basa 
remained arid (MacDougal, 1914, p. 15; 
Norris, 1958, p. 314). Because of the aridity of 
the basin, probably no significantly greater 
amount of detritus was brought into the basia 
from the east and northeast in the Pleistocene 
than at present. Except for occasional inflows 
from the Colorado River entering the southem 
end, most of the material has reached the basia 
via streams entering from the west and north: 
west. Most material is now brought into 
basin by the San Gorgonio and Whitewatt' 
rivers and by San Felipe Creek (Fig. 1). 
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Drainage from the east and northeast oc- 
casionally introduces sand and gravel into the 
basin, but the quantities involved do not com- 
pare with that introduced by the more perma- 
nent streams from the higher and better 
watered parts of the San Bernardino and 
Peninsular ranges. The San Gorgonio and 
Whitewater rivers have maintained well-de- 
fined courses across the very sandy upper 
Coachella Valley despite widespread develop- 
ment of large active dunes. The Algodones 
Dunes have blocked the feeble desert drainage 
system which presumably once extended from 
the southern Chocolate and Cargo Muchacho 
mountains to the bottom of the Cahuilla Basin 
(Fig. 1). The streams from these mountains 
now cross the alluvial aprons to the dunes and 
either stop abruptly or veer sharply southward 
parallel to the edge of the dune field (Fig. 2A). 
Mammoth Wash, at the northern extremity of 
the Algodones Dunes, may be considered an 
example of a stream crossing the dunes, al- 
though the few small detached dunes north of 
the wash may not constitute part of the main 
Algodones group. 

East Mesa, a flat almost featureless sandy 
plain, extends westward from the Algodones 
Dunes to the zero contour. The zero contour 
now marks the highest limit of Imperial Valley 
agricultural lands. If drainage channels from 
the mountains to the east once extended across 
East Mesa no trace remains today, although 
vague channels are evident in at least two of 
the bare depressions within the dunes. 


MORPHOLOGY OF THE DUNE FIELD 


The Dunes 


The Algodones Dunes form an almost un- 
broken mass of sand 40 miles long and 3-6 
miles wide. The eastern boundary is difficult to 
delimit in some places because of the feather- 
edge on that side. The dunes rise 200-300 feet 
above the gently sloping desert floor on which 
they rest. The northern third of the dune field 
consists of a simple ridge on which the highest 
peaks are generally near the center. In the 
central part, slip faces, transverse to the main 
trend, become increasingly prominent south- 
ward and reach heights of as much as 200 feet; 
some peaks in the dunes are as much as 100 feet 
higher. In the southern part, some of these slip 
faces overlook flat-floored depressions largely 
or completely free of sand. Most of the depres- 
sions are surrounded by dune sand and are 
difficult to reach without a camel, helicopter, 
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or sand-buggy; the last is a stripped, springks 
automobile equipped with oversize high-pre, 
sure tires made by some Imperial Valley tes. 
dents for travel in the sand. Foot travel tothe 
depressions is arduous even in cool weather, ani 
only three of the depressions were visited: 
others were studied by means of photograph 
and topographic maps. 

From within the dune field, more than half, 
mile from either margin, the impression is on 
of complete disorder; the dunes appear to be: 
mass of peaks and valleys without systematic 
plan. The only features of systematic trend ar 
the slip faces which, in any given area, are con- 
sistent in orientation with one another. During 
nearly 10 years, many minor changes have been 
observed, such as the development of small sip 
faces 1-2 feet high in directions inconsistent 
with the large slip faces, but no major change 
have occurred. 

Cursory inspection of aerial photographs re 
veals order and system not obvious to the ob- 
server on the ground. This is especially true in 
the central and southern parts of the dune 
field, along the western margin, where a serie 
of nearly parallel ridges is superimposed on the 
main dune mass. The first of these ridges is 
about 700-800 feet east of the western edge of 
the dunes, and one or more succeeding ridges 
occur 500-600 feet apart to the east. The dune 
surface on which these ridges rest is slightly 
stabilized by scattered clumps of Larrea (Cre 
osote bush) and other sand-loving plants. The 
outer or westernmost ridge, which is almost 
straight for 8-9 miles, is the most continuous 
and conspicuous of the group. Height of thes 
ridges ranges from 3 to more than 30 feet owing 
to the irregular topography of the dune surface 
on which they are developed and also to the 
undulating character of the ridge itself. The 
eastern or inner side of the ridges is marked in 
most places by a slip face of variable heigit and 
the western side by a gentle slope which merges 
gradually with the underlying dune mass (Pl 
1, fig. 1). 

The inner ridges are less distinct and art 
joined by a number of arcuate ridges which 
curve to the north and northeast toward the 
central part of the dunes. There, the trends be 
come vague and blend with the irregular peak 
and hollow topography characteristic of 
central dune area. 

Along the eastern margin of the dunes, par 
ticularly in the middle and southern parts, # 
sandy apron a mile or more in width extend 
out and away from the dunes and ends iné 
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Figure 1. Western margin of the Algodones Dunes looking northwest showing the parallel linear ridges 
about 5 miles north of U.S. Route 80. Photo by John S. Shelton, Claremont, California 


a of sand encroaching on the sand-free depressions. Photo by C.S.S., U.S. Department of Agri- 
ture 


AERIAL VIEWS OF THE ALGODONES DUNES 


NORRIS AND NORRIS, PLATE 1 
Geological Society of America Bulletin, volume 72 


Figure 2. Vertical aerial of the southern of the Dunes 


Figure 1. Encroaching sand ridges developing on sand-free depression. View to windward toward the 
southeast 


Figure 2. Side view of encroaching sand ridges showing relationship to slip face. Observer facing southwest 


ENCROACHING SAND RIDGES, SAND-FREE DEPRESSION, ALGODONES DUNES 


NORRIS AND NORRIS, PLATE 2 
Geological Society of America Bulletin, volume 72 : 
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Figure 1. Southern part of the dunes showing multiple sets of sand-free depressions and swarms of small 
barchan dunes advancing across the depression in the foreground. U. S. highway 80 can be seen crossing 
the fourth depression from the bottom. Photo by John S. Shelton 


Figure 2. The baymouth bar connecting the Mecca Hills peninsula with the Orocopia Mountains. View 
thwest F castward toward the Orocopia Mountains 


ES SOUTHERN ALGODONES DUNES AND LAKE CAHUILLA BEACH DEPOSITS 


NORRIS AND NORRIS, PLATE 3 
Geological Society of America Bulletin, volume 72 
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Figure 1. Shore-line cliff formed 
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Figure 2. Shingle beach along highest shore line of Lake Cahuilla, near Hot Mineral Spa, Imperial J dunes 


County, California 


LAKE CAHUILLA SHORE LINES 


NORRIS AND NORRIS, PLATE 4 
Geological Society of America Bulletin, volume 72 
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MORPHOLOGY OF THE DUNE FIELD 


featheredge against the alluvial desert floor. 
This occurs despite the much greater stream 
activity on the eastern side than on the East 
Mesa side toward the west. In the northern 

rt of the dunes, this sandy apron is separated 
into low hook-shaped features extending east 
and northeast from the main dunes. These 
hooks recurve (near Amos siding), so that 
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Figure 2. Features on the eastern side of the 
Algodones Dunes. A. Drainage patterns near 
Ogilby; B. hook-shaped features near Amos 


their extremities point slightly west of north 
(Fig. 2B). 

The sandy apron and hook-shaped features 
are more than 15 feet thick in only a few places 
and are stabilized by desert vegetation at a 
number of points. At the edges of these sand 
udlients and on the adjacent desert floor, vegeta- 
tion is almost luxuriant, at some spots probably 
because of temporary impounding of runoff 
water during infrequent rains, or because the 
dunes act as an enormous sponge containing a 
Very great amount of water. W. W. Mayhew 
(Personal communication) found that the dune 
und is wet a short distance below the surface, 


particularly in the hollows, even in midsum- 
mer, 
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Swarms of vaguely outlined ridges of sand 
parallel to the main mass are present on the 
eastern sand apron. Most of these are less than 
10 feet high, separated by 100-300 feet and 
rarely more than 600-800 feet long. These 
ridges merge at both ends with irregular sand 
surfaces marked by peaks, crescentic ridges, and 
hollows, in appearance much like the central 
part of the main dune mass. 

This eastern sand apron is attributed to sand 
transport away from the main dune mass dur- 
ing infrequent southwesterly sand-driving 
winds. The form of the features on the apron 
is caused by the same winds that shape the 
features in the main dune mass. The sand hooks 
represent deposits resting on low interfluves 
separating the stream channels which curve to 
the left as they approach the main body of the 
dunes. Occasional flow in these streams seems 
to have been sufficient to remove dune sand 
deposited there as far as the place where the 
streams finally pond against the dunes. 


Sand-Free Depressions 
The remarkable sand-free, flat-floored de- 


pressions that occur in the central and southern 
parts of the dunes are roughly triangular in 
plan; bases, transverse to the main dune trend, 
are typically a mile or slightly more in length, 
and distance from apex to base averages about 
half a mile. These depressions are bordered by 
great slip faces 150-200 feet in height on the 
west and north and by gentle slopes on the 
south side. In a few places, prominent parallel 
sand ridges 3-15 feet high and as much as 1500 
feet long extend from the slip-face side of the 
depression outward across the depression floor 
(PI. 1, fig. 2). 

Development of these sand ridges across the 
slip faces and into the depressions appears to be 
the first step toward the eventual destruction 
of the depressions by sand engulfment. Al- 
though it is difficult to separate cause and 
effect, the ridges seem to be extensions of 
similar ridges which first developed on the 
upper surface of the dunes. Winds, channeled 
by these ridges, encouraged them to lengthen 
downwind across the least high portions of the 
slip face overlooking the depressions. This 
process led to the destruction of the slip face 
and the extension of the ridge partially or 
totally across the depression floor (Pl. 2, figs. 
1, 2). These encroaching ridges may be ana- 
logous, therefore, to sand ridges forming below 
a notched cliff of the type described by Hack 
(1941, p. 243). Several intermediate examples 
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occur between sand-free and sand-filled depres- 
sions. Completely sand-free depressions are 
found only at the southern end of the Algo- 
dones dune chain, and some in this area are 
occupied by swarms of small barchan dunes 
(Pl. 3, fig. 1). Northward along the dunes, the 
floors of the depressions become smaller be- 
cause of the progressive encroachment of 
parallel sand ridges. In the middle part of the 
Algodones Dunes, the great slip faces remain 
prominent, but there are no sand-free areas. 
In the north, even the slip faces decrease in 
size until the dunes become an irregular, almost 
single ridge. 

Growth of the small linear ridges of sand 
under such conditions of unlimited sand supply 
is surprising and perhaps unique, although 
Simons and Ericksen (1953) have reported low 
parallel ridges of sand developing downwind 
from beaches in northern Peru. 

The depressions are not a single longitudinal 
series along the axis of the dune field; in the 
southern part, they form a double or triple set, 
the easternmost of which is poorly defined and 
begins a short distance north of U. S. Highway 
80 (PI. 3, fig. 1). 

Two possible origins of these remarkable 
features must be considered: 

(1) They may represent areas left uncovered 
by sand, or covered only recently, as in the case 
of the sand-floored depressions in the central 
part of the dunes. They may be analogous, 
then, to the sand-free areas enclosed by the 
wings of a barchan dune and as such may move 
with the enclosing dune over the desert floor. 

(2) The depressions may represent areas 
formerly covered by continuous dune sand and 
only recently swept free by deflation. There- 
fore, they represent features which have de- 
veloped de novo within the dune mass. 

For the following reasons, the depressions 
seem most likely to be relict features now in the 
process of destruction rather than deflational 
features now coming into being: (1) It is dif- 
ficult to imagine a process of deflation in which 
linear ridges of sand extending across great slip 
faces would be preserved. Bagnold (1954, p. 
209) has discredited the possibility that they 
may have been produced by large back eddies 
during periods of strong wind blowing across 
the tops of the dunes. The linear ridges, extend- 
ing across the slip faces, appear to be strictly 
constructional forms which are filling the de- 
pressions (Bagnold, 1954, p. 178; Hack, 1941, 
p. 257; Madigan, 1946, p. 57). Some of the de- 
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pressions appear to have been nearly filled by; 
number of coalescing sand ridges of this sor, 
(2) If the depressions were deflation feature 
the presence of high slip faces on the northen 
margin would be a paradox, because slip face 
are constructional features characteristic of th 
leading edge of active dunes. Moreover, th 
slip faces are now advancing and burying vege 
tation growing on the depression floors. (3) Al 
the depressions are surrounded by sand. If they 
were deflational features they should be les 
regular, or open to the surrounding desert flow 
in a few cases. If these features represent sand- 
free areas left as a result of the development of 
a train of very large and closely spaced barchan 
dunes, the wings would form the sort of closure 
observed. (4) In the extreme southern part of 
the dunes, several of the depressions are sand- 
free except for swarms of small barchan dune 
which formed from sand above the slip face on 
the north and are now advancing southward 
across the depression (Pl. 3, fig. 1). Barchans 


are clearly constrictional forms. 


Southern Terminus of the Field 


The southern end of the Algodones Dunes 
lies about 4 miles south of the International 
Boundary. The dunes end abruptly at the west 
side of the Colorado River flood plain, which 
suggests that much of the dune sand migrating 
into this area has been picked up by the 
Colorado River and carried into the Gulf of 
California. Fine-grained wind-blown sands and 
silts are common in the Gran Desierto of 
Sonora to the southeast across the Colorado; 
doubtless some sand and silt from the Algodones 
Dunes has been blown over the valley of the 
Colorado in the past to contribute to these de: 
posits on the Arizona and Sonora side of the 
river. 


CHARACTER OF THE SAND GRAINS 


Mineralogy 


Mineral-grain studies of 50 sand samples col 
lected in the Algodones Dunes, in the Lake 
Cahuilla beaches, and in the streams of the 
Coachella Valley include no prominent diag 
nostic species or variations which can be used 
to trace the movement of the sand. Most of 
the sands, from the Whitewater River in the 
upper Coachella Valley to the southern Al 
godones Dunes, contain 30-40 per cent feldspar 
and 60-70 per cent quartz. Principal dark 
minerals, which make up as much as | per cent 
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of the sand in only a few places, are biotite, 
magnetite, garnet, and epidote. The relative 
abundance of these minerals does not seem to 
vary much within the dunes, although consid- 
erable variation is evident in the beaches of 
lake Cahuilla and in the streams of the 
Coachella Valley. Minerals of the mica group 
ue locally very abundant in the beaches and 
streams, especially at those places where mica- 
ghist shingle constitutes much of the beach 
material. 


Color 


Nearly all the Algodones dune sand is a light 
reddish brown; intensity of color increases 
dightly from north to south. Microscopically, 
the color is found to be produced by a coating 
of ferric oxide on 25-60 per cent of the grains; 
the maximum values are more prevalent in the 
south. This patina of ferric oxide apparently 
persists even under conditions of sand move- 
ment, for there is no noticeable difference in 
color between places where the sand is active 
-eg., slip faces—and where it is nearly stabil- 
ied by vegetation. Moreover, no correlation 
exists between presence of iron staining and 
shape of grain; angular grains are as likely to be 
tained as rounded grains. 

Northward from the Algodones Dunes into 
the Coachella Valley and San Gorgonio River 
region (Fig. 1) dune sands become progres- 
ively, but not uniformly, lighter. In the upper 
Coachella Valley, almost no sand grains show 


'{ ferric oxide staining, and the dunes are white 


or grayish white. In the Coachella Valley and 
San Gorgonio River region, dunes that have 
not been disturbed by man are active and re- 
ceiving considerable increments of sand from 
the streams draining the area, particularly from 
the Whitewater and San Gorgonio rivers. A 
omewhat similar relationship between sand 
color and drainage exists along the Mojave 
River in the Mojave Desert about 100 miles 
a) of the Cahuilla Basin (Norris, 1958, p. 
Frequency of sand-driving winds in the 
upper Coachella Valley is much greater than it 
sin the Algodones Dunes, according to U. S. 
Weather Bureau observations at Thermal, 
Galifornia (University of California Agricul- 
tural Extension Service, 1953), and Yuma, 
Arizona (Department of the Army, 1953). 
Unlike the Coachella Valley dunes, the Al- 
wedones Dunes do not appear to be receiving 
Mmportant increments of new sand, except pos- 


sibly at the northern end from Mammoth 
Wash. Even there, the dune sands are reddish 
and in marked contrast to the grayish-white 
sands and gravels of Mammoth Wash. 

Thus, the reddish-brown color of the Al- 
godones Dunes is apparently in part a measure 
of their age. 

There seems to be little consideration in the 
literature of the relationship between color and 
age of dune sand, although numerous writers 
have mentioned the color of dunes in various 
parts of the world. Bryan and McCann (1943, 
p. 282) referred to several ages of dunes near 
Grants, New Mexico, in which the older sands 
are darker. Lewis (1936, p. 28-29) discusses the 
color of the dunes of the Kalahari Desert of 
South Africa and states that the prevalent deep 
reddish-brown color is due to a coating of ferric 
oxide which is most pronounced in the pits on 
the grain surfaces. Holm (1953, p. 112) notes 
that in sands from the Arabian Desert nothing 
he has observed indicates a decrease in red color 
with time or asa result of eolian transportation. 

It seems indisputable that dune sands, 
whether active or passive, acquire a coating of 
ferric oxide which affects an increasing number 
of grains and perhaps increases in thickness 
with the passage of time. Many examples of 
this occur in the desert regions of southern 
California and elsewhere. Near Santa Maria, in 
the coastal part of California, old seashore 
dunes of probable Pleistocene age, now stabil- 
ized, are deep reddish brown. On San Nicolas 
Island, off the coast of southern California. sev- 
eral ages of dunes occur, some of which are 
probably late Pleistocene. The older of these 
dune deposits, recognized by their stratigraphic 
position, are a deep reddish brown in marked 
contrast to active modern dunes, which are 
grayish white. 

The question of how an active dune sand can 
acquire and maintain a coating of ferric oxide 
needs explanation. Lewis (1936, p. 28-29) has 
answered this question in part by pointing out 
that the color tends to be concentrated in pits 
on the surfaces of grains, but many grains in 
the Algodones Dunes are coated evenly with 
ferric oxide, even some almost perfectly 
rounded grains. 

We believe that several factors play an im- 
portant role in development and persistence of 
the ferric oxide patina: 

(1) The ferric oxide is a weathering product 
probably derived from such iron-bearing mine- 
rals common in sand as biotite, magnetite, 
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ilmenite, augite, and hornblende. Pettijohn 
(1949, p. 170) states that the principal coloring 
agent of red beds is ferric anhydride or ocherous 
hematite (Fe2O;). There seems no reason to 
suppose that the coatings on sand grains are of 
different composition; the coatings are readily 
removed by soaking the sand in cold dilute 
hydrochloric acid. Pettijohn concludes that the 
weight of evidence indicates that the coloring 
agent of red beds was introduced following de- 
position. He asserts that any such coating de- 
veloped before deposition would be removed 
during transportation. This latter viewpoint 
seems to be based on intuitive logic rather than 
on field evidence. Certainly our observations 
do not support this contention. 

(2) Our study indicates that the number of 
grains coated with ferric oxide in a given sand 
mass tends to increase with time, and this that 
results in development of a deeper reddish- 
brown color for the sand mass as a whole. 

(3) Activity of the sand seems to have little 
or no tendency to remove the ferric oxide coat- 
ing; otherwise it is difficult to reconcile the ap- 
pearance of many rounded grains coated with 
ferric oxide and the signs of continual sand 
movement. This paradox is only partly ex- 
plained by Lewis’s observation (1936, p. 28-29) 
that the coloring agent tends to be preserved 
from abrasion by accumulating in pits on the 
grain surfaces. In the Algodones sands, the 
oxide coating occurs on exposed surfaces as 
well as in pits on the grains. The intensity of 
sand movement—the frequency with which a 
given grain is in motion—may be variable. A 
grain subject to sand-driving winds 6 times a 
year seems more likely to retain its ferric oxide 
coating than a grain experiencing wind trans- 
port 30 times a year. Evidence based on 
meteorological observations indicates that dif- 
ferences of this sort occur between the Coa- 
chella Valley and the Algodones dune area. 

(4) Very fine-grained sands tend to acquire 
and retain a deeper color than coarse sands, 
probably because of the greater average angu- 
larity of the grains in fine sands, which may be 
attributed to a lower velocity of impact as the 
grain size is reduced (Bagnold, 1954, p. 8). 
K. S. Norris found that fine-grained wind- 
blown sands and silts of the Gran Desierto in 
northwestern Sonora, Mexico, were deeper 
reddish brown than the sands of the Algodones 
Dunes. 


Size, Shape, and Frosting 
Forty samples from various parts of the Al- 
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‘produced by wind transport. 


godones Dunes were mechanically analyzed in 
a settling tube by Emery’s method (1938), 


This work was done in the hope that some 
systematic trend in grain size might be fe | 
vealed. At a number of different places within | 
the dunes, areas of a few square yards contained 
both fine sand (median diameter approximately 
0.15 mm) and coarse sand (median diameter 
approximately 0.50 mm), the latter in many 
cases concentrated in the crests of large ripples, 
Although not demonstrated conclusively by | 
the size analyses made, numerous hand-lens 
estimates made in the field suggest a slight de- 
crease in median grain size from north to south, 

Roundness of grain is uniform within the 
dunes; about 60 per cent of the grains are sub- 
round to subangular, and the rest are composed 
equally of well-rounded and angular grains, 
Beach and stream sands from the region are 
much less consistent in this respect than dune 
sands. 

Nearly all the grains in the Algodones Dunes | 
are frosted or pitted, and very few samples con- | 
tain more than one or two unfrosted grains. 
Frosted grains are also common in all the Lake 
Cahuilla beach sands and in the stream and 
dune sands of Coachella Valley. The Coachella 
Valley dune sands contain as much as 20 per 
cent of clear, unfrosted grains. These observa: 
tions seem to confirm the often stated opinion 
that extended wind transport of sand cause: 
frosting of the grains (Pettijohn, 1949, p. 58). 
It also follows that ancient dunes cannot be 
postulated simply because a sandstone contains 
frosted grains. Such grains constitute as much 
as 30 per cent of the Coachella Valley stream 
sands, even though frosting may have been 
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Rainfall 


Cahuilla Basin is characterized today by low 
rainfall and humidity and very high summer 
temperatures. With the exception of 
parts of the Mojave Desert and Death Valley, 
the basin and adjoining areas represent the 
driest parts of the United States if not of all 
North America. Rainfall in the vicinity of the 
Algodones Dunes occurs as occasional light 
winter rains and as infrequent heavy to tor 
rential late summer showers. The average ar 
nual rainfall at some stations in the basin’ 
given in Table 1. 

Mountains on the western and northwestem 
sides of the basin include many peaks mort 
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than 6000 feet in elevation (1830 m) and some 
more than 10,000 feet (3050 m), such as Mt. 
san Gorgonio, which is 11,485 feet (3503 m). 
These mountainous areas receive considerable 


Taste 1, RatnFALL FoR Basin Stations 
Average annual 
Elevation rainfall 
Milli- 
Station Feet Meters Inches meters 
Amos 225 69 2.83 719 
Brawley —113 — 34 2.63 66.7 
Calexico 3 1 2.32 58.9 
El Centro —37 Tf 2.83 71.9 
Imperial —64 3.24 $2.3 
Indio —22 —7 3.25 82.5 
Mecca — 197 —60 2.99 75.9 
Niland —55 —17 53.6 
Palm Springs 475 145 7.07 179.6 
Yuma 142 43 3.58 90.8 


rainfall, more than 40 inches (1000 mm) an- 
nually at several places. A few stations in this 
area are shown in Table 2. 


Wind Patterns 


Wind patterns are of great importance in at- 
tempting any analysis of dune origin. How- 
ever, most of the Weather Bureau records for 
stations in and near the Cahuilla Basin provide 
only wind roses or summaries of prevailing 
winds; very few show the direction of the 
strongest winds, The exceptions are Indio and 
El Centro (Fig. 1), for which more detailed in- 
formation is available. The prevalent wind 
direction may be significant, but it is not neces- 
urily so. For example, wind roses for Amos, 
very close to the Algodones Dunes, show a pre- 
vailing wind from west-southwest, yet the 
orientation of the slip faces in the dunes, the 
direction of the trend of the dune mass, and 
xattered observations by the writers all indi- 
ate that most of the sand-driving winds come 
from the north or northwest. Smith (1949, p. 
1489) emphasized that in cases where wind 
direction is interpreted from the dunes, it is 
the direction of the sand-moving winds that is 
determined, and this may or may not corre- 
pond to a more persistent prevailing wind 
ystem. He observes that powerful storm winds 


| may be far more effective in producing sand 


ansport than moderate winds of long dura- 
tion. In the upper Coachella Valley the prevail- 
ing wind direction coincides perfectly with the 
direction of sand-driving winds; both are 
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strongly northwesterly and channeled by the 
shape of the San Gorgonio River Valley—San 
Gorgonio Pass. At Indio, from 1937 through 
1940, Weather Bureau records show that 40 
per cent of all winds, irrespective of velocity, 
were from the northwest or north-northwest. 
However, 87 per cent of winds of 16-31 m.p.h. 
and 100 per cent of winds of more than 31 
m.p.h. were from the north-northwest. 


Taste 2. RAINFALL FoR MounrTAIN STATIONS NEAR 
Basin 
Average annual 
Elevation rainfall 
Milli- 
Station Feet Meters Inches meters 
Big Bear Lake 6750 2060 37.66 956.6 
Cuyamaca 4620 1409 39.36 999.7 
Idyllwild 5397 1646 24.66 626.4 
Julian 4000 1220 31.37 796.8 
Nellie 5000 1525 48.19 1224.0 
Palomar 
Mountain 5560 1695 25.47 646.9 


Pleistocene Climate 


There is little available direct evidence bear- 
ing on Pleistocene climates of the Cahuilla 
Basin. Most of what follows, therefore, repre- 
sents extrapolation from nearby areas. Mac- 
Dougal (1914, p. 175) believed that the area 
had been arid since Tertiary time and that no 
really important climatic changes occurred be- 
tween the Tertiary and the present. Sediments 
deposited in the floor of the basin do not give 
any clear-cut indication of different Pleistocene 
climates, as far as we are aware, although cer- 
tainly Lake Cahuilla occupied a considerably 
larger area than the present Salton Sea. The 
existence of Lake Cahuilla is not necessarily 
evidence for a wetter climate any more than is 
the present Salton Sea. A large lake could be 
formed quickly by inflow of the Colorado 
River following a drainage change across the 
deltaic barrier separating the Cahuilla Basin 
and the Gulf of California. Precipitation in the 
surrounding mountains, particularly in those 
to the west and northwest, was probably con- 
siderably greater during the Pleistocene than 
at present; the existence of glaciers in the San 
Bernardino Mountains (Vaughan, 1922; Allen, 
Meier, and Sharp, 1958, p. 1671-1672) is ade- 
quate proof of this. Moreover, the evaporation 
rate in the basin was probably somewhat less 
than at present. 
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Widespread evidence of numerous pluvial 
lakes in the Great Basin, Mojave Desert, and 
parts of the Sonoran Desert indicate increased 
precipitation, lowered evaporation, or prob- 
ably both during each of the glacial advances 
(Meinzer, 1922, p. 544; Hubbs and Miller, 
1948, p. 22-24). As is generally accepted, these 
extensive lakes were contemporaneous with the 
advances of the North American continental 
glaciers, as well as, in all probability, with ad- 
vances of the isolated mountain glaciers within 
the Great Basin. 

Populations of humidity-limited desert liz- 
ards isolated on mountains within the Great 
Basin indicate a shift from a minimum of about 
15 inches (381 mm) of rainfall in the lowlands 
during Pluvial time to about 6 inches (152 
mm) at present (Norris, 1958, p. 313). A 
lowering of life zones of at least 3000 feet (915 
m) in the Sangre de Cristo and Guadalupe 
Mountains of New Mexico, during a Wisconsin 
substage, is indicated by fossil mammals 
(Stearns, 1942, p. 872; Murray, 1957, p. 130- 
131). 

Sharper climatic zonation with respect to 
latitude and perhaps altitude probably oc- 
curred during the Pleistocene in the Great 
Basin (Flint, 1957, p. 224; Sharp, 1938, p. 312). 
In the immediate vicinity of the Cahuilla 
Basin, Vaughan (1922) and Allen, Meier, and 
Sharp (1958) have recorded evidence of moun- 
tain glaciation at the crest of the San Bernar- 
dino Mountains and descending to about 8700 
feet (2654 m). 

The probable southward shift of the belt of 
eastward-moving cyclonic storms (Flint, 1957, 
p. 224) and any increase in the climatic con- 
trast between the floor of the basin and the sur- 
rounding uplands would lead to a greater fre- 
quency of strong northwesterly winds. Accord- 
ing to a study made by the University of Cali- 
fornia Agricultural Extension Service (1953), 
these winds are produced by relatively cool 
marine air moving inland to regions of low 
barometric pressure, an effect commonly as- 
sociated with heating. When an inversion layer 
is formed at an elevation of about 3000 feet 
(915 m) over San Gorgonio pass (elevation 2582 
feet, 787 m) the moving air is confined to a 
narrow space, and high-velocity winds sweep 
down into the basin. At Yuma, Arizona, a 
considerable distance from San Gorgonio pass, 
the strongest winds through most, but not all 
of the year, blow from the northwest. The 
frequency of these winds is somewhat greater 
during the winter months when the belt of 


eastward cyclonic storms moves southward and 
when there is a greater climatic contrast be. 
tween the valley and the uplands. For these 
reasons, it seems probable that during the 
Pleistocene pluvial periods, climates in the 
Cahuilla Basin were characterized by more fre- 
quent occurrence of strong northwest winds 
than at present and that these winds played an 
important role in shaping the Algodones Dunes 
as seen today. Increased runoff from the sur- 
rounding mountains must also have increased 
the transport of stream-borne alluvium and 
thus provided more materials for eolian activity 
and for longshore transport within Lake 
Cahuilla. 


LAKE CAHUILLA 


History and Development 


A large fresh-water lake occupied the Ca- 
huilla depression until perhaps 300 years ago 
(Jahns, 1954, p. 17). It is not certain whether 
the lake filled more than once. Free (1914, 
p. 28-29) postulates a single filling followed 
by gradual evaporation. He points to the 
small wave-cut notch in the adjacent mountains 
at the highest level. Hubbs and Miller (1948, 
p. 106-112) believe that at least two fresh- 
water stages occurred with a marine or saline 
stage between. Hubbs, Bien, and Suess (Un- 
published manuscript) have obtained carbon-14 
dates on organic materials, such as fish bones, 
collected from the highest beach deposits of 
Lake Cahuilla. Ages thus obtained range from 
300+ 100 to 1580-200 years before the pres- 
ent. This information shows only that one of 
the high stages of the lake occurred rather re- 
cently; it sheds little light on the earlier history 
of the lake. Whatever the truth is, the highest 
level undoubtedly persisted long enough to 
produce beach deposits of considerable size and 
extent, particularly along the northeast side of 
the lake. 


The beach preserved today is not level but} j 


ranges from 25 to nearly 60 feet above sea level. 
Sykes (1914, p. 18) suggests that these differ 
ences are mainly due to differences in intensity 
of wave action. This explanation seems a reason- 
able one for variation in height of cliffs as wel 
as for some variation in thickness of beach de 
posits, but it is not altogether adequate for the 
35-foot difference in elevation of beaches. 
Slumping from the faces of cliffs plus the usual 
difficulty in selecting a place to measure the 
elevation of a beach probably have caused 
most, if not all, the 35-foot variation. If there 
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LAKE CAHUILLA 


remains an unexpiained factor, we would at- 
tribute it to the effects of recent diastrophism. 

At the present time it would be impossible 
to fill the basin to the highest level of Lake 
Cahuilla; drainage across the Colorado Delta 
into the Gulf of California would occur when 
the level reached about 30 feet (9 m) above sea 
level. Therefore, if some parts of the ancient 
beach are as much as 60 feet (18 m) above sea 
level, there has been some recent subsidence 
of the deltaic barrier, or the beach level has 
been warped. Kniffen (1932, p. 181) states that 
the old beach line can be traced southward 
across the delta and along both sides of the 
Gulf of California. Hubbs and Miller (1948, p. 
11) question the accuracy of this observation 
and suggest that the features found along the 
head of the gulf indicate fluctuations in relative 
sa level in that region. We agree with them, 
for it is difficult to reconcile these gulf features 
with the myriads of fresh-water mollusks that 
litter the high shore lines of Lake Cahuilla, if 
one assumes that they are the same shore line. 
In our view, evidence for continuation of the 
lake Cahuilla shore line across the delta is 
meager, and Kniffen’s terraces around the head 
of the Gulf probably originated independently 
of the shore lines of Lake Cahuilla. 

If the southern shore of the lake lay a few 
miles south of the International Boundary, as 
we suspect, the maximum length of the lake 
was about 100 miles and the maximum width 
3} miles along an east-west line passing through 
the present town of Calipatria. The lake had a 
maximum depth of about 300 feet. 


Probable Currents in Lake Cahuilla 


A body of water as large as Lake Cahuilla 
occupying a basin subjected to strong, frequent 
northwesterly winds would experience consid- 
erable vigorous, although short-period, wave 
action. Sykes (1914, p. 18) observed that the 
northeast shore of Lake Cahuilla would be sub- 
jected to the most intense wave action, an ob- 
ervation in accord with our field evidence. 
This part of the shore is marked by prominent 
diffs up to 25 feet high (PI. 4, fig. 1), huge 
heaps of beach-worn pebbles (Pl. 4, fig. 2) and 
and bars 5-10 feet high and several thousand 
ket long (PI. 3, fig. 2). Hubbs and Miller (1948, 
p. 104) say that wave action was slight in Lake 
Cahuilla, a view that seems to us to be out of 
harmony with the nature of the cliffed shore 
line and the large beach deposits of rounded 
pebbles and boulders. 

Despite the greater fetch of the northwes*- 
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erly winds, wave action was probably slight 
along the southern and southeastern shores of 
the lake. This apparent inconsistency was 
caused by the gently sloping bottom in that 
part of the lake which acted to dissipate much 
of the energy before the waves reached the 
shore line. The much steeper bottom on the 
northeastern shore permitted proportionally 
greater amounts of wave energy to reach the 
shore line, producing correspondingly greater 
topographic effects. 

Northerly or northwesterly winds blowing 
across the north part of Lake Cahuilla doubt- 
less generated waves whose crests were ap- 
proximately normal to the eastern shore line. 
Under such circumstances, waves approaching 
the shore are refracted and tend to approach 
the beach obliquely and cause the develop- 
ment of a longshore current in the breaker zone 
with a strong southerly motion parallel to 
shore. At times of protracted northwesterly 
winds, large volumes of sand and gravel prob- 
ably were transported from the mouth of the 
Whitewater River and from the beaches at the 
northern end of the lake, southward along the 
eastern shore by the longshore current and by 
the related beach drifting. The strength of the 
current and the wave action is clearly indicated 
by numerous large beach features in evidence 
today along the northeast shore. 


Shore-Line Features 


Many investigators have mentioned the 
highest shore line of Lake Cahuilla because of 
its clarity and persistence. This old shore line 
is obvious to even the most casual traveller 
along U. S. highway 99, especially near Traver- 
tine Rock (Fig. 1), where the shore line appears 
as a prominent line along the base of the Santa 
Rosa Mountains. Its prominence is due to the 
fact that below the shore line the rocks are 
covered with a pale-buff travertine which con- 
trasts strongly with the dark rocks above, which 
are coated with desert varnish. Recessional 
shore lines, baymouth bars, and spits are easily 
re~’..nized at Travertine Rock and have often 
beea mentioned in the literature. At one stage 
of the lake, Travertine Rock was tied to the 
shore by a narrow sand spit as a tombolo. 
Farther south, along the western shore of Lake 
Cahuilla, the highest shore line is generally less 
prominent but is locally clearly marked and 
easily recognized. 

Shore-line features along the northeast and 
eastern shores are, on the whole, more per- 
sistent than anywhere else around the rim of 
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the basin. Moreover, these shore-line features 
include a far greater bulk of transported ma- 
terial than elsewhere, and some of the material 
is very coarse-grained. The shore deposits in 
this part of the basin are believed to be of 
special importance, as far as the origin of the 
Algodones Dunes are concerned, and they 
therefore will be considered in some detail. 

Above Mortmar siding (Fig. 1), at the base 
of the Mecca Hills, a wave-cut cliff about 25 
feet high forms the trace of the old high shore 
line. The material exposed in the cliff is a red- 
dish-brown silty fan deposit and was probably 
cut rapidly by the waves. To the south, the 
shore line is characterized by short baymouth 
bars, composed mostly of coarse sand, which 
have the effect of straightening the shore by 
connecting headlands and bridging re-entrants. 
About 314 miles east of Mortmar siding, a 
salient of the Mecca Hills extends southward 
and at one time formed a prominent peninsula 
on the eastern shore of Lake Cahuilla. Beyond 
this point the ancient shore line trends slightly 
north of east as far as the foothills of the 
Orocopia Mountains, 314 miles away. The 
shore line here consists of a coarse sand and 
gravel baymouth bar 100-200 feet broad, 
about 10-15 feet high, and 314 miles long (PI. 
3, fig. 2). The length and bulk of this wave- 
built feature indicate the vigor of the waves as 
well as the length of time the maximum level 
of Lake Cahuilla persisted; certainly a lake- 
deposited feature of this magnitude, contain- 
ing at least 2 million cubic yards of sand and 
gravel, would require decades if not centuries 
to develop. 

Southward from the eastern end of this bay- 
mouth bar to beyond Hot Mineral Spa, the 
beach becomes very coarse and steep (Pl. 4, 
fig. 2). It consists of well-rounded shingle which 
commonly shows a well-defined imbricate ar- 
rangement. The principal rock type in the 
shingle is a muscovite schist, derived from the 
nearby Orocopia Mountains. Although the 
rocks constituting the shingle probably were 
not transported long distances, the extent of 
rounding provides evidence of considerable 
abrasion in the surf. Between the shore line and 
the Orocopia Mountains, schist chips are com- 
mon in the stream beds and on the fans but 
show little or no rounding. Therefore, wave 
action must have been vigorous enough in this 
region to produce the required abrasion. The 
shingle beaches are 30 feet thick at several 
places near Hot Mineral Spa, which is addi- 
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tional evidence of vigorous wave action ove 
an extended period of time. 


South of Hot Mineral Spa both the fan and F 


beach deposits are considerably dissected by 


modern streams; in some places the beach} «; 


deposits are found only as widely separated 
remnants resting on undisturbed surfaces be- 
tween drainage channels. Near Flowing Well 
siding, the sandy beach remnants are replaced 
by a low cliff (Pl. 4, fig. 1) cut into the alluvial 
deposits; the cliff gradually decreases in height 
southward and becomes a broad sandy beach 
about 2 miles beyond Flowing Well siding. 
The sandy beach can be traced for some miles 
southward, where it forms the western edge of 
the East Mesa area. 


ORIGIN OF THE DUNES 


The stretch of shore line between Flowi 
Well siding and Mammoth Wash is believed 
to be the main direct source of sand in the 
Algodones Dunes for the following reasons: 

(1) The shore line gradually swings from a 
south-southeast trend to a south trend. Winds 
from the northwest would tend to blow parallel 
to the beach north of this inflection and would 
not drive much sand inshore but merely move 
it along the beach. 

(2) The adequacy of the Lake Cahuilla beach 
as a source of much of the dune sand is evident 
in the light of the magnitude of beach deposits 
to the north and the probable strength and 
persistence of longshore currents prevalent 
along this side of the lake. The currents would 
be expected to move southward the large 
volume of sand introduced by wind and the 
Whitewater River system at the north end of 
the lake. 

(3) Mammoth Wash and related drainages 
(Fig. 1) from the Chocolate Mountains formed 
a gravelly to sandy alluvial deposit inshore 
from the beach south to Flowing Well siding. 
This apron provided an additional, possibly 
important, source of sand. 

(4) South of Flowing Well siding, the slope 
of the floor of Lake Cahuilla, from the shore 
line basinward, decreases. The shoaling of the 
bottom would reduce the effectiveness of wave 
action in a tideless body of water and concur 


rently reduce the strength of the longshore |) 


current. Consequently, the amount of material 
moved southward beyond Mammoth Wash 
would be somewhat diminished. 

(5) South from Mammoth Wash, the beach 
is composed primarily of gravel derived from 
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ORIGIN OF THE DUNES 


the wash. There seems little question that a 
ravel beach would provide less sand than the 
andy beach north of Mammoth Wash. 

Why was the entire East Mesa not covered 
with a more or less uniform blanket of dune 
and, and why, instead, was a single long chain 
ofhigh dunes developed only along the eastern 
margin of East Mesa? 

Although we cannot be certain that modern 
dune configuration is indicative of conditions 
prevalent at the time of the high level of Lake 
Cahuilla, some of the larger features appear to 
ie so indicative, despite Smith’s caution that 
many modern dune forms are the product of 
present conditions (1940, p. 164, p. 168). The 
ft that the Algodones Dunes occur as a long 
chain or chiflone (Broggi, 1954, p. 36) indicates 
that they were originally formed by sand- 
diving winds blowing in essentially the same 
direction as the present sand-driving winds. 
Moreover, as far as we are aware, long chains of 
dunes, with few if any exceptions, are produced 
by winds moving approximately parallel to 
their long dimensions. Hack (1941, p. 243), 
Madigan (1936, p. 223), Bagnold (1954, p. 
177), and others have confirmed this general 
principle in their studies. 

Brown (1923, p. 29) suggests that the Algo- 
dones Dunes were derived from Lake Cahuilla 
beaches, but he believed that most of the sand 
i the dunes travelled across the East Mesa 
area from the shore line to the dunes. In sup- 
port of his contention, he pointed to the very 
andy character of East Mesa and to the scat- 
ted small dunes which occur on it. Because 
Fast Mesa lacks well-defined chains of dunes 
(chiflones) parallel to the Algodones Dunes, 
probably the sand supply for the area was 
imdequate except where the Algodones Dunes 
med, or the strength and frequency of sand- 
driving winds decreased westward across East 
Mesa from the Algodones Dunes to the shore 
line of Lake Cahuilla. Possibly a once some- 
what sandier East Mesa lost much of its sand 
tothe large Algodones Dunes lying to the east 
y means of occasional westerly sand-driving 
winds. Growth of large dunes at the expense of 
jacent sandy areas has been reported by 


* | Bagnold (1954, p. 171) and Madigan (1936, p. 


6). However, the small dunes which now 
xcur on East Mesa are oriented so that their 
lng dimensions are northwest-southeast, paral- 
tl to the Algodones Dunes. This indicates that 
the wind direction on East Mesa is not very 
liferent from that in the Algodones Dunes 
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proper, and hence, at least today, could not 
produce the main dune mass by transport from 
the west. However, the strongest winds at El 
Centro (Fig. 1) are westerly, and these winds 
may occasionally affect East Mesa. 

We believe, therefore, that the sources of 
most of the sand now in the Algodones Dunes 
were: (1) the highest Lake Cahuilla beach de- 
posits, especially those lying between Flowing 
Well siding and Mammoth Wash, including 
much material derived from the Coachella 
Valley; (2) sand from Mammoth Wash and 
associated drainages; (3) lesser amounts of sand 
from East Mesa, transported by infrequent 
sand-driving winds from the west or southwest; 
and (4) sand from the Chocolate Mountain 
drainages south of Mammoth Wash. 

Apparently northwesterly —sand-driving 
winds began to move sand inshore from Lake 
Cahuilla beaches immediately following de- 
velopment of the highest lake level, and this 
sand quickly developed the form of a chiflone 
or chain of closely spaced barchan dunes ad- 
vancing across the desert floor to the southeast. 
The present form of the dune field is a single 
chain of very large overlapping barchans in the 
middle and northern parts that gradually 
changes, southward, to several overlapping 
chains of dunes side by side. The individual 
large barchans that constitute the Algodones 
Dunes are about 4-1 mile wide between their 
vague horns. Barchans of this magnitude are 
uncommon but not unknown; a single barchan 
in the Viru Valley of Peru, measuring 14 mile 
between horns, has been described by Simons 
and Ericksen (1953, p. 241-246). 

Numerous small peaks and slip faces super- 
imposed on the larger barchans that constitute 
the Algodones chain are believed to be the 
result of present-day moderate winds con- 
stantly reshaping the dry surficial sand of the 
dunes. 

Our reasons for considering the Algodones 
Dunes to be a chain of large coalescing barchans 
are as follows: (1) The entire dune mass is 
characterized by well-developed slip faces 
oriented normal to the trend of the dune field 
as a whole, and they produce by far the most 
prominent pattern present. This is in harmony 
with the view that the dunes are closely spaced 
complex barchans. Bagnold (1954, p. 213) con- 
siders the effect of several barchans in line on 
their shapes, and his illustrations are consistent 
with the situation in the Algodones Dunes; the 
downwind barchans tend to have broader, 
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somewhat irregular slip faces. (2) Nearest the 
source of sand, at the Lake Cahuilla beach, the 
Algodones Dunes have less distinctive form 
than farther south. Bagnold (1954, p. 218) 
points out that the upwind ends of chains of 
barchans show crowding of barchans and gener- 
ally imperfect form. Broggi (1952, Pl. 1) 
illustrates such a situation near Anc6én, Peru. 
(3) The bare sand-free depressions in the Algo- 
dones chain become larger and better defined 
southward away from the sand source. This is 
a characteristic of almost all chains of barchans. 
(4) In the southern part of the Algodones 
Dunes, the appearance of several parallel over- 
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lapping and staggered sets of barchans is cop. 
sistent with a gradual downwind dismember. 
ment of the dune chain characteristic of 
barchan chains. A similar occurrence on a very 
small scale has been described in an earlie; 


paper by Norris (1956, p. 1683). Moreover#! 


the appearance of linear ridges along the west 
ern edge of the Algodones Dunes indicates som 
variability in the direction of sand-driving 
winds, because these features may be produced 
by winds differing in direction by a few degrees 
(Bagnold, 1954, p. 222-224; Cooper, 1958, p. 
63), or by a prevalent wind parallel to their 
long direction and occasional strong cross winds, 
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Short Notes 


FORBES ROBERTSON 


KNOOP HARDNESS NUMBERS FOR 127 OPAQUE MINERALS 


Abstract: Knoop indentation hardness numbers 
nay be obtained on polished mineral grains as small 
3510 microns in diameter. This paper gives average 
Knoop numbers for 127 opaque minerals and 
quartz. The limits of tests and the average hardness 
qumber are plotted on a logarithmic scale on which 
the lines representing the hardness range for a given 
nineral are reasonably comparable throughout the 
ange from 1 to 1500. 

Bismuth (0.7) is the softest mineral tested, 
erthierite (1140) the hardest. Other representative 
hardnesses (Talmage-scale equivalents in parenthe- 
s) are: argentite, 26 (A); galena, 75 (B); chalco- 
rite, 175 (C); tetrahedrite, 299 (D); niccolite, 


Introduction 


There is a need for greater precision in 
determination of the properties of minerals and 
for refinements of techniques which will enable 
investigators to identify smaller and smaller 
mineral grains in rocks and ores. Newly de- 
veloped machines which test microhardness are 
providing quantitative hardness data of a 
quality heretofore unobtainable and permit 
precise positioning of the indenter which, in the 
Kentron tester, allows for quantitative de- 
terminations on grains as small as 10 microns in 
dameter for polished minerals. This paper 
presents a catalogue of hardness data for 127 
opaque ore minerals. A subsequent paper will 
deal with the relationship of hardness to crystal 
structure. 

This investigation was made possible by a 
gant from the Penrose Bequest of The 
Geological Society of America. Montana 
School of Mines, where this project was 
mitiated, financed the preparation of some 
lished sections. The mineral collections 
isted include the Murdoch suite at Harvard 
University and the collection in the miner- 
iography laboratory at Montana School of 
Mines. The writer is very grateful to The 
Geological Society of America for the grant, 
Montana School of Mines for its aid, and to 
Dr. Hugh McKinstry of Harvard for per- 


460 (E); magnetite, 528 (F); ilmenite, 965 (G). 
Quartz, 467 (7 on the Mohs scale), is approximately 
equivalent on the Knoop scale to niccolite, 460 
(5-514 on the Mohs scale), and goethite, 476 
(5-5% on the Mohs scale), and softer than mag- 
netite, 536 (514-61 on the Mohs scale). 

Some minerals exhibit striking differences in 
hardness in different crystallographic orientations. 
Molybdenite has a hardness of 12 parallel to 
{0001} cleavage and 60 at right angles to the 
cleavage; huebnerite is 313 parallel to {010} 
cleavage and 463 at right angles to cleavage; 
enargite is 154 parallel to {110} cleavage and 378 
at right angles to cleavage. 


mission to make tests on the Murdoch suite. 
Without this co-operative effort, this informa- 
tion would not have been assembled in its 
present form. Thanks are due Dr. Fred L. 
Humphrey for suggestions and review of the 
manuscript. 


Previous Work 


The hardness of opaque minerals in polished 
sections is commonly determined qualitatively 
by scratching the minerals with a_ needle. 
Murdoch (1916) classified the opaque minerals 
as soft, medium, and hard by this method. In 
Short’s tables (1940) minerals are classed as 
hard or soft only. Talmage (1925) attempted 
more quantitative hardness determinations. 
He mounted a diamond in a holder and made 
scratches by applying loads on the beam sup- 
porting the indenter. He set up a semiquantita- 
tive scale from A to G, soft to hard. By com- 
paring the relative hardnesses of his group of 
index minerals, one can usually estimate the 
Talmage hardness letter by using a sharp needle. 

It requires but a few seconds to make a 
simple scratch test. Short (1940, p. 66) esti- 
mated that it requires about 15 minutes to 
manipulate the Talmage instrument and ex- 
pressed some doubts as to the reproducibility 
on different instruments of the quantitative 
data he obtained but was confident that the 
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semiquantitative scale, A to G, could be 
reproduced reasonably. 

Quantitative hardness methods have been 
developed primarily by metallurgists. The 
Brinell instrument, developed in 1900, and the 
subsequent Vickers and Rockwell instruments 
give quantitative data but were never par- 
ticularly adapted to geological problems (Kehl, 
1949). Winchell (1945) considered the Knoop 
Microhardness Tester as a possible tool in 
mineralogy, but no systematic work was done 
with it. The writer and Van Meter (1951) in- 
dependently recognized the potential boon to 
the mineralographer of the Kentron Micro- 
hardness Tester. Nakhla (1956), apparently un- 
aware of the previous work, presented some 
quantitative hardness data using the Vickers 
indenter on the Durimet instrument. 


Instruments and Indenters 


This investigation was made with the 
Kentron Microhardness Tester, which is one 
of a limited number of instruments available. 
The design of the Kentron tester provides for 
controlled rate of load application so that the 
indenter may be pressed into the mineral with- 
out detectable impact effect and with a mini- 
mum danger of fracturing brittle materials, an 
especially significant feature in opaque-mineral 
investigations. A complete metallurgical micro- 
scope is integrated into the instrument, which, 
with provisions for pinpoint positioning of the 
indenter, permits precise determination of data 
from grains as small as 10 microns in diameter. 
Grains as small as 0.1 mm are easy to work with. 
The hardness scale, so far as the opaque miner- 
als is concerned, is from less than 1 to about 
1600. Robertson and Van Meter (1951) give 
further details of the instrument. Either Vick- 
ers or Knoop indenters may be employed. 
Nakhla (1956) used the Durimet tester, manu- 
factured by Leitz, in his investigations. 

The Knoop indenter (Knoop, Peters, and 
Emerson, 1939), which is the heart of the 
Kentron tester, consists of a diamond crystal 
rigidly mounted in a metal holder. The im- 
pression is rhomboidal or diamond-shaped, 
with the long diagonal axis approximately 
seven times the short diagonal and 30 times the 
depth of the impression. Studies with this type 
of indenter indicate that the major part of the 
elastic recovery of the impression upon re- 
moval of the load will take place transversely 
rather than along the length of the impression. 
Consequently, by measuring the long diagonal 
only, one can compute a very close value of the 
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unrecovered projected area. The specification 
for the indenters must fall within narrow limiy 
specified by the National Bureau of Standard 

The anisotropism of most of the minera 
is expressed quantitatively by proper orient 
tion of the long axis of the Knoop indenter 
The ratio of depth of penetration and the | 
diagonal makes it possible to obtain valid dat 
on minute grains. 

The Vickers indenter can be interchanged 
with the Knoop indenter. It is a pyramid. 
shaped indenter, the two diagonals of which ar 
equal in length, and the depth of penetration 
is in the ratio of 1 to 7. The shape of the in- 
denter makes for deeper impressions than the 
Knoop indenter and does not indicate so clearly 
the differences in hardness resulting from 
internal arrangement of the atoms. It may be 
possible to make precise determinations with 
the Vickers indenter on somewhat smaller 
grains than with the Knoop indenter. 


Mineral Suites Tested 


Any catalogue of physical properties of 
minerals is only as good as the identification of 
the minerals. Among the most common opaque 
ore minerals only the manganese oxides offer 
real possibilities for confusion. The Montana 
School of Mines collection of opaque ores was 
first tested: it includes the most common miner- 
als and a number of others for which careful 
X-ray determinations had been made. The 
Murdoch suite at Harvard University was then 
tested, except for those minerals which had 
been examined previously. Talmage and Short 
used the same suite in previous compilations of 
properties of the ore minerals. Dr. G. A 
Harcourt re-examined the suite in 1939, and 
his notes were invaluable to the writer in his 
testing of the less well known minerals in the 
collection. 

There were unfortunate gaps in the present 
compilation. They represent either mineral 
for which the writer has serious doubts about 
the quality of the determinations or minera’ 
which were not available to the writer. 

In some places in the present tables there art 
large discrepancies between Talmage and 
Knoop hardness numbers. Among the possible 
explanations are the following: one, that the 
determination is inaccurate (which is possible 
but doubtful as the Talmage and Knoop 
numbers were determined from the same suite, 
and, in a majority of cases for the rare minerals 
from the same polished section); two, 
there are, in some cases, very significant differ 
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ences in scratch and indentation hardnesses. 
This appears to be a reasonable explanation in 
some cases, but additional work will be re- 
yired on numerous specimens before these 
relationships can be definitely determined and 
the differences adequately explained. In all 


Ong} cases the best data available are presented. 


Differences in Knoop hardness numbers for 
supposedly synonymous species raises doubts 
about certain minerals. Luzonite, which has a 
Knoop number of 43, is supposed to be enar- 
gite, which has Knoop numbers of 154 or 478, 
depending upon the orientation. The writer 
amnot explain the differences in hardness. 
Hematite and martite have Knoop numbers 
of 698 and 1000 respectively. Martite is sup- 
posed to be a pseudomorph of hematite after 
octahedral crystals of magnetite. The greater 
hardness of martite is not explained by residual 
magnetite, since magnetite on the same scale 
has a hardness of 525. 

In spite of the precautions taken, there may 
well be errors, and there are definitely gaps in 
the data. The writer expects to revise this 
atalogue periodically as additional data and 
corrections become available. 


Indentations in Minerals 


For most minerals, the slow rate of descent 
of the indenter makes it possible to obtain 
atisfactory indentations. A number of miner- 
is, however, are very brittle, and many inden- 
tations produce fractures. In every case, a 
«ties of indentations was made and only the 
most perfect impressions were used. In general, 
they were comparable in size for any mineral 
ina given crystallographic orientation. How- 
wer, there is a noticeable range in the hardness 
numbers (as Table 5 shows) not only with a 
gen load, but with different loads. For the 
ame load, a range of hardness numbers exists 
which serves to indicate the reproducibility of 
quantitative data for the individual minerals. 
The harder minerals show a wider range in 
tardness numbers. However, when the data 
we plotted on a logarithmic scale, as in Table 
i,the length of the line representing the range 
hardness is comparable for minerals ranging 
rom soft to hard, with individual exceptions. 
Where the line is relatively long, the indica- 
tons are that there are conspicuous differences 
a hardness owing to differences in crystallo- 
saphic orientation which were not taken into 
«count (as in the case of graphite and stibnite) 
ot that the mineral has such a tendency to 
icture that even the best indentations have 
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small fractures which cause poor reproduci- 
bility of resuits. This is definitely indicated in 
millerite. 

The writer (én Robertson and Van Meter, 
1951, p. 549) has previously discussed quanti- 
tative differences in hardness numbers found 
for the same mineral grain with different loads. 
In general, values are greater for lighter loads 
because the eye does not resolve the end points 
of the impressions perfectly, and a difference 
in measurement as small as | micron in a small 
load indentation would be larger, percentage- 
wise, than in the indentations produced by 
heavier loads. The Bureau of Standards has 
seriously considered a recommendation that a 
flat increase of as much as 3 microns be made 
for all measurements with very light loads. 
Nakhla (1956) discusses this subject for certain 
of the ore minerals and represents his data 
graphically. His conclusions are basically the 
same as this writer’s, namely that very light 
loads tend to yield appreciably greater hard- 
ness numbers than heavier loads for the same 
mineral. 

Whereas the elastic properties of most of the 
metals and many of the minerals permit perfect 
indentations to form over a range of loads, a 
great many of the minerals are brittle and 
fracture in spite of the slow rate of load applica- 
tion and shallow depth of penetration. For the 
most brittle minerals, relatively light loads 
yield better results than the heavier loads. For 
most of the minerals, loads of 50 or 100 gms 
were used with good results. For the softest 
minerals, however, 10-gm and even 2-gm and 
1-gm loads were required. 

In some series of indentations, fractures are 
produced, and in others, no fractures are noted. 
Where fractures are produced, the indentation 
is noticeably larger. Thus if data from fractured 
indentations were used, a mineral would appear 
less hard than it actually is. Perfect impressions 
are not the rule in many of the very brittle 
minerals, such as pyrite. Hence, the best data 
from a series of indentations must be used. For 
pyrite, only a very small proportion of the 
indentations were considered satisfactory. Mil- 
lerite is especially brittle to indentation, and 
all the impressions produced fractures and all 
were described as unsatisfactory. This led to 
the selection of the ‘‘best” data. The data do 
not agree well with the Talmage-scale hardness 
for millerite. Millerite is almost certainly harder 
than the indentation data indicate. Yet for 
practical determinative tables, the fact that 
millerite fractures badly, and that the best 
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results from fractured indentations give the 
data presented, should be of value, particularly 
as commonly only a very limited supply of 
millerite is found in polished sections where the 
mineral might be expected. 

Glaucodot is likewise particularly bad. 
Aguilarite, chalcostibnite, cuprodescloizite, 
delafossite, klaprothite, krennerite, meneghin- 
ite, miargyrite, sartorite, schapbachite, skut- 
terudite, and willyamite all fractured badly. 
Arsenic pulverizes on indentation, and hunti- 
lite (silver, arsenian) and skutterudite fracture 
and yield a powder at the edge of the im- 
pressions. 

Andorite produces small fractures at the 
margin of the indentations, and bournonite 
yields distinctive concentric ring fractures with 
the margins of the indentation serrated in some 
cases. Stephanite produces some barbed frac- 
tures, and uraninite produces a distinctive 
irregular fracture. Broad plumes form from the 
margin of the impressions of corynite (gers- 
dorffite, antimonian), and to a lesser extent in 
jamesonite. The plumes do not always form, 
but they occur often enough to be considered 
distinctive. Such indentations are not included 
in data from which the average hardness was 
determined. 

In some cases, indentations bring out cleav- 
ages. Altaite forms fine impressions parallel to 
{001} cleavage, but in all other orientations, 
fractures formed parallel to the cleavage. 
Bismuthinite, on the other hand, yields perfect 
indentations at right angles to {010} cleavage, 
and other orientations bring out the cleavage 
in minor fractures. Livingstonite on indenta- 
tion fractures in such a way as to suggest 
obscure cleavage. 

Strain features develop in a series of color 
rings around indentations at right angles to 
the cleavage noted in aramayoite. Strain lines 
form in cylindrite, but perfect impressions 
form parallel to the strain lines. Double and 
even triple impressions are rare. Chalcophanite 
produced double and triple impressions for 
several indentations, and delafossite produced 
some double impressions. 

Some minerals show marked elastic recovery. 
Indentations in domeykite become obliterated 
5-10 minutes after they are made. Clausthalite 
and cylindrite both tend to rebound quickly, 
but incompletely. Relatively rapid manipu- 
lation is needed to determine the actual length 
of the indentation. As mentioned earlier in 
this paper, the elastic rebound takes place 
transversely rather than longitudinally. Hence 


a reasonably accurate measurement of the 
length of the long diagonal of the indentatig, 
is possible, from which the unrecovered pro- 
jected area may be computed. 

A few minerals produce perfect indentations 
but with individual very erratic depths of 
penetration. This is easily explained in the very 
soft minerals where vibrations greatly influence 
the size of indentations. A person walking in 
the laboratory at Harvard caused vibrations 
which produced apparently very erratic results 
at the time altaite was being tested. In other 
instances, however, the erratic results are unex: 
plained. Erratic results were obtained for 
coloradoite, hetaerolite, and miargyrite. The 
erratic indentations were avoided in compila- 


tion of the limits and averages of hardness |’ 


numbers for the tables. 


Use of Instrument and Tables 


The microhardness tester will probably be- 
come standard equipment in mineralogical 
laboratories where opaque ores are investi- 
gated. The manipulation is simple. A complete 
metallurgical microscope is integrated into the 
tester. It is convenient to make most routine 
observations with the microscope, except 
where polarized light is required. An “‘un- 
known” mineral can be examined and its 
general properties, relationships, and associa- 
tions determined. A specific grain is centered 
under the cross hairs and the microscope stage 
moved to the indenting position. The appli- 
cation of a load, 50 or 100 gms for most 
minerals, and the release of a lever produces 
the indentation. After a minute or so, the 
indenter is released and the stage returned to 
the viewing position. The length of the inden- 
tation is measured with a filar micrometer eye- 
piece and the hardness determined with the aid 
of the tables provided with each instrument. 
Usually several indentations are desirable to 
obtain a satisfactory average. 

Once the hardness number has been deter- 
mined, Table 5 may be used, and the “‘possible” 
minerals noted. Knowing the other properties 
such as color, reflectivity, anisotropism, and 
associated minerals, one can frequently arrive 
at a unique solution; in other cases micto- 
chemical tests may be required if the grain is 
of sufficient size for such tests. 

When it becomes possible to obtain hardness 
numbers on about 40 more of the opaque 
minerals, the table should be very nearly com- 
plete for the opaque ores. As it is, there are 
gaps in the data presented which experienced 
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mineralogists will at once detect and take into 
account. 

The great refinement in precision hardness 
and the fact that good data may be obtained 
from such small grains should make the micro- 
hardness tester a standard research tool in 
opaque-mineral investigations. 


Comparison of Mohs-Scale and Knoop Numbers 


The Mohs hardness scale is a comparative 
gratch hardness scale and is the scale most used 
by mineralogists. In order to determine how 
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Quartz, hardness 7 on the Mohs scale, is 467 
on the Knoop scale. The Knoop number for 
quartz compares with those for niccolite 
(460), goethite (476), and the harder magnetite 
(528), which are listed on the Mohs scale as 
5-514, 5-514, and 5144-614 respectively (Pa- 
lache, Berman, and Frondel, 1944). 

If the Mohs scale and Talmage scale are 
compared by means of Knoop numbers, 
minerals which are B hardness on the Talmage 
scale range from | to 3 on the Mohs scale; 314 
to 414 on the Mohs scale is about equivalent 


for the type minerals in the Talmage scale. 
Quartz 


the Knoop numbers compare with Mohs-scale 
qumbers, the writer tabulated all the Mohs- 
wale hardnesses available for opaque minerals. 
He then plotted the corresponding Knoop 
umbers. Where the range of hardness over- 
hpped a whole Mohs-scale hardness number, 
the average Knoop number was allowed for 
both Mohs numbers. Thus, for example, for 
hardness of 2, all 114 and 21% hardnesses were 
included, and for 3, all 244 and 314 numbers 
were included. Table 1 shows the Mohs-scale 
numbers and the Knoop-number averages for 
ill the minerals falling within each given Mohs 
umber. It also gives the range of average hard- 
iss numbers for the minerals within an indi- 
vidual Mohs number range. The overlap of the 
werage Knoop numbers (not to mention the 
ttremes!) is very great. The obvious con- 
tusion is that the Mohs scale is very insensitive 
there applied to the opaque minerals and is 
very limited value in assisting in the determi- 
tation of the ore minerals, particularly the 
wofter minerals. 

One point of special interest is that the 
Mohs-scale numbers are generally relatively 
‘wer for opaque than nonopaque minerals. 


TasLe 1. Comparison oF Opaqgue-MINERAL Harpness sy Mous-ScaLE AND Knoop NuMBERS 
Mohs Scale Number of Average Knoop Limits of Average Approximate* 
Number Minerals Number Knoop Numbers Talmage Scale 
1-1% 10 52 0.8- 133 B-— 
14-24 43 72 0.7- 202 B 
%-3% 60 119 0.8 - 1034 B* 
17 215 28 520 D 
44-51% 18 616 102 - 1098 F 
54-64 18 707 167 1098 F 
6%-7% 2 550 467+ - 633 F- 
* See Table 3. The average Knoop number for each of the Mohs-scale numbers is compared with the Knoop number 


to the average of minerals with Talmage scale 
D, and 41% to 61% to about F. Thus there is no 
very close correlation between Mohs and 
Talmage data. The data indicate very wide 
variations in quantitative Knoop numbers for 
minerals classed in the same Mohs-scale hard- 
ness number. 


Comparison of Talmage Scale 
and Knoop Numbers 


The Talmage scale is based on a loaded 
beam with a diamond indenter, but the in- 
denter is moved to produce a scratch, whereas 
in the Knoop indenter, the depth of the inden- 
tation without lateral movement is taken as the 
measure of the hardness. The Talmage instru- 
ment is basically a refinement of the Mohs 
scale. The method has obvious limitations 
when the hardness of very small mineral grains 
is considered. 

Minerals which have a very low Knoop 
number do not appear to scratch as easily as 
those with intermediate-range numbers. Like- 
wise, some minerals which are very difficult to 
scratch have relatively low Knoop numbers, 
especially those minerals that tend to shatter 


| 

| 

34 
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on indentation, for example millerite and a 
good many other minerals, pyrite included. 
Table 2 is a compilation of Knoop hardness 
numbers for all the minerals which have 
Talmage-scale information. There is a very 
definite and reasonably consistent increase in 
average hardness data for each of the Talmage- 
scale intervals up to the F-G level for which 
there is little evidence, based on Knoop num- 
bers, for a significant distinction. 

Table 3 gives the standard Talmage-scale 
minerals and their Knoop numbers. There is a 
reasonably close agreement with the summation 
of all the data (given in Table 2) for all the 
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satisfactory (or which were used in compiliy 
the average), the minimum and maximuy 
Knoop hardness numbers of satisfactory test; 
and the average Knoop number. Also give: 
are the locality from which the mineral teste 
originated and the collection from which th 
tests were made, MSM for Montana School of 
Mines and H for the Murdoch suite at Harvard 
University. In some instances, the Harvard 
Museum number is given. Probably mos 
important are the remarks regarding orients 
tion of indenter with crystallographic d:- 
rections, types of fractures, additional tests 
which fractured, and so forth. 


Taste 2. Compartson oF Opaqur-MINERAL HarpNess BY TALMAGE-SCALE LETTERS AND Knoop Numpers 

Talmage Percentage of Average Knoop Limits of Average Extremes of 

Letter Minerals Number Knoop Numbers Knoop Numbers 
A 15 Zl 0.6- 72 
B 27.8 60 10 - 148 9 - 234 
c 30.4 112 8 - 331 6 - 444 
D 11.3 285 138 - 600 72 - 724 
E 10.4 450 313 - 604 172 - 985 
F 8.7 780 429 - 926 429 - 1585 
G 5:2 860 670 —- 1098 478 —- 1335 


minerals with the standard or key minerals. 
That is, all the A-hardness minerals, when the 
Knoop numbers are tabulated, have about the 
hardness of the type mineral, argentite. Cer- 
tainly the Talmage scale is much more quanti- 
tative than the Mohs scale, and there is a 
much closer correspondence between Knoop 
hardness numbers and the Talmage-scale letters 
than had previously been suspected. There are 
a number of significant differences, and these 
are not altogether explainable as yet. There 
are, in some cases, indications that scratch and 
indentation hardnesses are fundamentally dif- 
ferent. They will be discussed in a subsequent 


paper. 
Tables of Knoop Hardness Numbers 


Tables 4 and 5 give the catalogue of Knoop 
hardness numbers. In Table 4, the minerals 
are in alphabetical order, and the pertinent data 
for each mineral are given. These include the 
name of the mineral, the composition following 
the Dana system (Palache, Berman, and 
Frondel, 1944; 1951), the crystal system, and 
Mohs and Talmage hardness numbers. The 
pertinent indentation data include the load in 
grams at which the indentations were made, 
the number of tests which were considered 


Table 5 is a graphic represeatation of the 
hardness numbers of the opaque minerals ac- 
cording to increasing hardness. This table is 
most useful in the determination of an un- 
known mineral. If the average hardness is 
obtained from an ‘‘unknown,”’ the average will 


Tasie 3. TALMAGE-ScCALE MINERALS AND 
CorRESPONDING Knoop NuMBERS 


Talmage Letter Mineral Knoop Number 
A Argentite 26 
B Galena 75 
C Chalcopyrite 175 
D Tetrahedrite 299 
E Niccolite 460 
Magnetite 528 
G Ilmenite 965 


not necessarily be identical to the average given 
but should fall within the limits of the line 
representing the mineral. The nature of the 
indentations may well aid in distinguishing 
specific minerals. Of course, the other proper 
ties of the mineral, such as color, reflectivity, 
pleochroism, and mineral associations, must be 
considered. There are but a limited number of 
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4. 
Murdoch suite, reference suite 3, Mining Geology Laboratory (museum number included in some cases). MSM, Montana School of Mines collection of polished 


H. Harvard University, 
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SHORT NOTES 


overlapping minerals for which, with quanti- 
tative-hardness data and the obvious physical, 
optical properties and associations, a unique 
lution cannot be reached. The table should 
be very useful in the identification of very 
small grains in ores. The shorter table previ- 
ously published (Robertson and Van Meter, 
1951, p. 546) has been of considerable use to 
the writer. 

It must be remembered, however, that with 
very light loads on the intermediate to hard 
minerals, there are significant variations in the 
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Knoop numbers. Data are insufficient to indi- 
cate the relationships quantitatively, but official 
adoption of the recommendation to add 3 
microns to the indentations produced by the 
very light loads will materially improve the 
data in most cases. 

The writer intends to accumulate additional 
minerals and data on isomorphous series, as 
well as oriented opaque minerals. With such 
additional data, a better understanding of the 
relationship of hardness to atomic structure 
should be apparent. 
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BRUNO J. GILETTI 
PAUL E. DAMON 


RUBIDIUM-STRONTIUM AGES OF SOME BASEMENT 
ROCKS FROM ARIZONA AND NORTHWESTERN MEXICO 


Abstract: Precambrian ages in the range 1200- 
(500 m.y. have been found by the Rb-Sr method 
for basement rocks in Arizona. The data extend 
the “1350 m.y.” orogeny to northwestern Arizona 


With some notable exceptions, the ages of 
the basement rocks in Arizona and northern 
Mexico are difficult to determine from strati- 
graphic evidence. Many have been assigned to 
the Precambrian because of high metamorphic 
grade, although they are overlain only by 
Tertiary volcanic rocks and alluvium. Others 
ae unconformably overlain by well-defined 
Precambrian sedimentary rocks. 

Aldrich et al. (1957) reported the first iso- 
topic age determinations of the Arizona base- 
ment. They found concordant rubidium- 
strontium and potassium-argon ages of 1350 
m.y. for three samples from Arizona and similar 
dates for rocks from New Mexico, Colorado, 
and southern Wyoming. The Arizona samples 
were micas from the Vishnu schist in Grand 
Canyon, from the Lawler Peak granite area 
near Bagdad, and from a pegmatite near 
Wickenberg. The more recent uranium miner- 
alization in Triassic and later formations has 
been the subject of considerable isotopic age 
study but need not concern the present discus- 
sion, 

The present study extends the area of the 
Arizona Precambrian basement but is limited 
to the Rb-Sr method. K-Ar analyses are in 
progress and will be reported later. The rocks 
investigated generally form part of Butler and 
Wilson’s (1938) Older Precambrian (the terms 
Archean and Proterozoic are not meaningful 
in Arizona). Lance (1958) has discussed the 
worthern Arizona Precambrian. A_ regional 
correlation was made by Anderson and Creasey 
(1958), who correlate the Vishnu series of the 
Grand Canyon with very similar rocks of 
central and southern Arizona, the Yavapai and 
Pinal series, respectively. 

Wilson (1939) was first to point out the pre- 
valling northeast trend of folds and schistosity 


(Chloride granite) and southern Arizona (Oracle 
granite) near Tucson. Cretaceous-Tertiary ages 
were obtained from basement rocks in southern 
Arizona and northern Sonora, Mexico. 


of the Older Precambrian of central Arizona. 
He concluded that ‘“‘the principal structures 
in the Older Precambrian rocks resulted from 
one profound crustal disturbance—the Mazat- 
zal Revolution—which took place after deposi- 
tion of the Mazatzal quartzite, and long 
before the Apache strata, were laid down. 
Marked by intense northwestward compression 
and culminating with the batholithic invasion 
of ... granite... , this revolution doubtless 
gave rise to a huge range...” 

The same predominant northeasterly trend 
of the Older Precambrian fold axes has been 
observed throughout Arizona. This trend has 
been described by: Lance (1958) for the Vishnu 
series, Grand Canyon, and Thomas (1949) for 
the Cerbat complex in northwestern Arizona. 
Cooper and Silver (1954) concluded that 
‘“‘Most of the Pinal and Yavapai schists of 
southern and central Arizona probably origi- 
nated in a major geosynclinal trough whose 
complete extent is not known. This trough 
was the orogenic site of Wilson’s Mazatzal 
Revolution.” 

The same regional trend is found in some of 
the Colorado basement rocks. Aldrich eg al. 
(1957) and Giffin and Kulp (1960) found 
1200-1500 m.y. ages over a wide area in south- 
ern Wyoming, Colorado, and northern New 
Mexico. 

The present analyses were carried out by the 
senior author at the Lamont Geological Ob- 
servatory, Columbia University, and at the 
Department of Geology and Mineralogy, Ox- 
ford University. The analytical techniques are 
those employing stable-isotope dilution analysis 
for Rb and Sr using a solid-source mass spec- 
trometer. Two mass spectrometers and three 
sets of tracers (Rb*’ and Sr**) were employed. 
The tracers were supplied by the U.S. AEC, 


r 
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Oak Ridge, and the U.K. AERE, Harwell. The 
experimental methods are presented by Gast 
et al. (1958) and Giletti, Moorbath, and Lam- 
bert (in press) for Lamont and Oxford re- 
spectively. The experimental results are given 
in Table 1, and the sample locations are indi- 
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age given by sample 1 is not the result of ¢. 
perimental error, but probably the result of 
different response of the two mica varieties tg 


a complex orogenic event. 


The validity of the age given for the granite 
collected 35 miles east of Chloride (sample 3) 


Tasce 1. Rusiprum-StrontTiuM DaTA FOR THE BASEMENT Rocks OF ARIZONA 
(TM =50 x 109 years) 


Sample Type of rock, Rb Sr (normal) Sr87 */Rb87 Age 
number location, and mineral ppm. ppm. my, 
1 Pegmatite in Vishnu schist, Kaibab 538 4.31 0.02141 1,530 
Trail, Grand Canyon, Coconino Co., 512 4.69 0.02179 1,550 
muscovite 
2 Migmatite zone in Vishnu schist, Bright 630 2.34 0.01943 1,390 
Angel Trail, Coconino Co., biotite 
3 Granite, U.S. Highway 66, near Valen- 148 182 0.01810 1,300 
tine, Mohave Co., biotite 
4 Diana granite, Arizona Chloride Mine, 676 10.5 0.01893 1,350 
Chloride, Mohave Co., biotite 
5 Chloride granite, 14 mile north of 921 23.3 0.01632 1,210 
Chloride, Mohave Co., biotite 
6 Yavapai schist near Prescott on Highway 282 84.6 0.006825 490 
69, Yavapai Co., biotite 
7 Oracle granite, near Campo Bonito 1004 10.13 0.02025 1,450 
Mine, Oracle, Pinal Co., biotite 
8 Samaniego granite, about 500 feet from 1010 19.5 0.00039 30 +30 
Pirate fault zone, east of Canada del Oro 
wash, Pinal Co., biotite 
9 Catalina gneiss, Mount Lemmon High- 459 52.3 0.00221 150 +90 
way at Hitchcock Memorial, Pima Co., 
biotite-muscovite mixture 
10 Adobe Blanco granite, 11 miles south of 566 42.3 0.00133 90 +60 
Sonoyta on Puerto Penasco road, 
Sonora, muscovite 
11 Pegmatite in Altar schist, 2.1 miles east 279 56.3 0.00116  80+80 
of Altar Village on Highway, Sonora, © 
muscovite 


*Sr 87 =radiogenic strontium 


cated in Figure 1. The standard deviation on 
the ages quoted is + 3 per cent unless other- 
wise noted. This error is that due to the analysis 
and does not include half-life or geochemical 
uncertainties. All Rb-Sr ages quoted (including 
those reported by other authors) have been 
calculated using a half-life of 50 X 10° years. 

Samples 1 and 2 represent mica separates 
from a pegmatite and a migmatite, respectively, 
collected within a few miles of Phantom Ranch 
at Grand Canyon. The Rb-Sr age (1370 m.y.) 
and K-Ar age (1390) for a biotite separate from 
a gneiss dated by Aldrich et al. (1957) are in 
excellent agreement with sample 2. The greater 


is open to question because of the unfavorable 
Rb to normal Sr ratio in the mineral at time of 
crystallization. Nonetheless, the data tend to 
confirm an Older Precambrian age for this 


granite. 


Near Chloride, in northwestern Arizona, 4 
younger granite, the Chloride granite (Dings 
1951) (tentatively correlated with the Ithac 
Park granite by Thomas, 1949), intrudes the 
older Diana granite (Thomas, 1949). Dings 
assigned a Precambrian (?) age to the younger 
granite, while Thomas suggested it might be 
Mesozoic (?). Both rocks are shown to b 
Precambrian (samples 4 and 5). The significance 
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of the difference between the two dates and zal age as far south as Tucson. Banerjee (1957, 
tween these dates and the somewhat greater Ph.D. thesis, Univ. Ariz.) considered that the 
yes at Grand Canyon is not yet known. Oracle granite was derived by recrystallization 

The 490 m.y. age from the Yavapai schist is and metasomatism from the Pinal schist. He 
uncertain for several reasons: the sample has a considered the northeasterly orientation of 
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Figure 1. Location of dated samples, Arizona 


bw (Rb/normal Sr) ratio which makes the minerals, schlieren, and inclusions a deforma- 
ae uncertain; a 10-foot mafic dike cuts the tional feature of the Mazatzal revolution. 
outcrop from which the sample was taken; and _Banerjee’s evidence thus suggests a complex 
the Yavapai in this area is overlain by Tertiary orogenic history. 

volanic rocks. Either of the latter two events Wallace (1954, Ph.D. thesis, Univ. Ariz.) 
may have affected the biotite markedly, and tentatively considered the Samaniego granite 
the Yavapai might be equivalent in age to the _ to be Precambrian in age. It contains inclusions 
previously discussed samples. of Pinal schist and is intruded into the Pinal 
The 1450 m.y. age for the Oracle granite with sharp contacts. It is in fault contact with 
onfirms the existence of an orogeny of Mazat- late Cenozoic sediments on the west and with 
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Pinal schist on the east. The Samaniego granite 
is thus post-Pinal in age, but no more definite 
estimate can be made from the field evidence. 
The Rb-Sr date (sample 8) suggests a Cretace- 
ous-Tertiary age. This could be the date either 
of intrusion of the granite or of a later meta- 
morphism. 

Formerly, the Catalina gneiss, along with all 
the other regionally metamorphosed rocks of 
Arizona, was mapped as Precambrian. More 
recently, Dubois (1959) has suggested a poly- 
metamorphic origin for the gneiss, with the 
two metamorphisms occurring in Older Pre- 
cambrian and post-Cretaceous times. The Rb- 
Sr age of 150 + 90 m.y. (sample 9) is in agree- 
ment with this hypothesis. 

The two samples from Mexico (10 and 11) 
give Tertiary-Mesozoic ages. The Adobe 
Blanco granite is overlapped by Cenozoic 
alluvium, while the Altar schist has been 
tentatively correlated with the Pinal series 
(Pye and Fries, 1959). 

For any of the Tertiary—Mesozoic ages ob- 
tained it may be that the rocks predate these 
ages and that these dates are for the latest 
metamorphism of an already crystalline terrain. 
Although this possibility would permit the 
original crystallization to have occurred at any 
time previously, a Mesozoic~Tertiary meta- 
morphism appears to have occurred in Pima 
County, Arizona, and in Sonora, Mexico. 


Conclusions 


(1) The Mazatzal revolution probably oc- 
curred 1200-1550 m.y. ago and affected a large 
area of Arizona extending from the Cerbat 
Hills in the northwest to Tucson in the south. 


(2) This event coincides in time with the - 
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metamorphism described by Aldrich e¢ aj, jy 
Colorado, New Mexico, and Wyoming as wel 
as Arizona. The long dimension of this terrgig 
is ut least 700 miles. 

(3) No published evidence indicates an ag 
greater than 1550 m.y. for any Arizona rocks, 

(4) Only one of the 11 new dates gives; 
Paleozoic age, and this is suspect for sever 
reasons. The data thus support the stratigraphic 
evidence for a quiet period in Arizona during 
the Paleozoic. 

(5) A Tertiary—Mesozoic regional met: 
morphism is indicated for rocks from Pim 
County, Arizona, and Sonora, Mexico. 
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MALCOLM P. WEISS 


THE AMERICAN UPPER ORDOVICIAN STANDARD 


y, A CRITICAL APPRAISAL OF THE CLASSIFICATION OF THE TYPICAL 


(INCINNATIAN BEDS 


Abstract: The large number of classifications of the 
type Cincinnatian (Ordovician) are to a great ex- 
rent variations of a few fundamental concepts. Each 
of these elements is at least 40 years old and founded 
in the more rigid stratigraphic faiths of those times. 


The preparation of Plate 1 of Weiss and 
Norman (1960) brought clearly to view the 
fact that most of the literature on the stra- 
tigraphy and stratigraphic paleontology of the 
ype Cincinnatian is at best repetitive and 
commonly confusing or misleading. Judgment 
of the significance of contributions and innova- 
tions is easily made in historical perspective by 
reference to that plate. Brief study quickly 
shows that original contributions to the classifi- 
ation of the type Cincinnatian have been few. 
These contributions have been singled out in 
ihis note, and attention is called to obsolescence 
of much of the classification because of a lack 
of modern stratigraphic work. 

The works charted by Weiss and Normz:. 
1960) pertained almost exclusively to areas of 
Ordovician outcrop in the Ohio Valley near 
Cincinnati and in the valleys of southwestern 
Ohio and southeastern Indiana between Rich- 
mond, Indiana, and Cincinnati. The reader is 
minded that the term ‘‘Cincinnatian” may or 
may not include the ‘‘Cynthiana” of the Ohio 
Valley between Cincinnati and Maysville, 
Kentucky (compare Caster, Dalvé, and Pope, 
155, and Sweet, Turco, Warner, and Wilkie, 
959). The writer is grateful to Drs. W. F. 
lenks, L. H. Lattman, and W. C. Sweet for 
intical review of this note. 

The outline presented here traces the sources 
of the elements of the classification in use 
today, as well as some of the variants that have 
ween proposed. An attempt has been made to 
nclude only significant concepts; admittedly 
iis is subjective, but some simplifying specifi- 
ations had to be made to make possible any 
acing of the more important aspects of the 
wonomic history. Shuffling, lumping, and 
slitting of units is ignored, even though new 
umes sometimes have been introduced in the 


Progress in the understanding of the Cincinnatian 
requires a new look from the standpoint of modern 
stratigraphic principles; further rearrangement of 
older concepts and named units is fruitless. 


course of this process. This review does not 
take into account the history of the classifica- 
tion of Upper Ordovician rocks on the flanks 
of the Jessamine dome, where the facies are 
distinctly different from those in the vicinity 
of Cincinnati. Primary contributions are 
ranked under Roman numerals. Contributions 
of secondary importance are ranked under 
capital letters. All are given in chronologic 
order. 

I—1873, Orton established the fundamental 

lithologic units: 


limy shales Lebanon beds 
shaly limes Hill Quarry beds 
shales Eden beds 
limestones River Quarry beds 


The River Quarry beds are the Cynthiana 
formation of later authors. 

A—1897, Winchell and Ulrich established the 
Richmond group, the earliest-designated 
element of the current North American 
standard for the Upper Ordovician. 

II—1902, Nickles divided the Utica-Lorraine- 
Richmond into subordinate parts. These 
parts are bryozoan faunal units in the 
lower two units (Eden and Maysville), 
but only provisional lower-middle-upper 
units in the Richmond. The faunal units 
in the Maysville were given geographic 
names. He raised the base of the Rich- 
mond to the top of the Warren (Arnheim). 

B—1903, Foerste identified and named the 
Saluda or Madison bed at the top of the 
Richmond (locally only and without any 
implication that it equaled Newberry’s 
1873 old Medina shales). 

C—1903, Nickles identified and named the 
Liberty and Whitewater and named the 
Waynesville for what was apparently his 
lower Richmond of 1902. 
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D—1905, Foerste recognized formally the 
Utica shale of Orton (1888 and others) as 
the Fulton, a unit that has persisted in 
classifications almost ever since. 


III—1906, Bassler 


(1) restored the Arnheim (Warren) to 
the basal Richmond, where it has remained 
except in the classifications of men who 
have worked from the Indiana side of the 
arch. 

(2) named the subdivisions of the Eden 
that had been made by Nickles on the 
basis of bryozoans in 1902. This classifica- 
tion of the three fossil zone-lithologic 
units of the Eden has been maintained 
virtually without change since 1906. 

(3) established the Covington group to 
include those formations below the Rich- 
mond. 

(4) recognized two lithologic units in 
the Maysville and named them Fairview 
and McMillan formations. 

IV—1907 (1908), Cumings defined brachiopod 
zones from the upper Eden through the 
Richmond; described the north-south 
facies changes in the Richmond that re- 
vealed the nature of the Saluda; defined 
and named the Elkhorn; relegated the 
Saluda to a place below the Whitewater. 

E—1909, Foerste recognized five faunally de- 
fined ‘‘divisions” in the Arnheim and 
Waynesville and gave them geographic 
names. 

F—1913, Ulrich put the Richmond into the 
Silurian (Medinan), as he had also done 
in his Revision of 1911. 

G—1912 (1913), Cumings and Galloway desig- 
nated certain additional faunal zones con- 
sidered typical of the Maysville and Rich- 
mond. 
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H—1946, Flower placed the Saluda in th 
mid-part of the Whitewater, following 
Shideler’s conclusion of 1914. 


Summary 


(1) No new elements have appeared in the 
classification since 1914. (See H.) 

(2) All changes since that date and many 
of those made earlier are only refinements of 


local boundaries, regroupings, renamings, and |’ 


changes of class or rank in the taxonomic 
heirarchy. 

(3) In so far as we now know all element 
needed for a thoroughgoing rock-stratigraphic, 
biostratigraphic, and time-stratigraphic classifi 
cation are already recognized and named. Their 
mutual relations and, especially, their behavior 
regionally, away from metropolitan Cincinnati 
and the Whitewater River valley, are either 
misconstrued or unknown. 

(4) The conditions described under (3) were 
inherited from pre-World War I workers, and 
little or nothing has been done since to clari 
matters. Many changes since 1914 have been 
only refinements of concepts that were inade- 
quate. Such activity has really retarded under- 
standing of the stratigraphy of the type Cincin- 
natian, although it has had the reputation of 
advancement of the science of the Ordovician. 
The failure to distinguish between rock and 
faunal units or to demonstrate the time 
stratigraphic validity of faunal units has been 


particularly unfortunate. Not only must a re J 


evaluation of the elements of Cincinnatian 
classifications be made in harmony with modem 
stratigraphic principles and techniques, but the 
significance of these elements must be tested 
over the region of type Cincinnatian outcrop. 
Only then may we have a clear standard by 
which to judge Upper Ordovician rocks else- 
where. 
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Since much of the earth’s crust is composed 
of basaltic rocks and these rocks commonly 
provide precise markers of geological time, it 
s of interest to investigate the potential 
applicability of modern isotopic methods in 
dating these rocks. Early work with the 
uanium-helium method (Keevil et a/., 1942; 
Hurley and Goodman, 1941; 1943) showed 
that whole basaltic rocks or separated mineral 
shases, with the possible exception of magnet- 
ite, experienced large losses of helium. The 
gochronometer based on the decay of K* into 
ir” offers greater promise in this area since the 
etentivity of argon may be much higher than 
ihat of helium. This is to be expected from a 
wnsideration of the relative sizes of the atoms 
ind of the fact that less damage to the mineral 
tice results from the decay of K*°. It is also 
significant that the potassium and the argon 
at likely to be distributed within the mineral 
gains, Whereas the uranium may reside along 
the grain boundaries where the resulting 
ielium is more easily lost. If the argon re- 
tivity in this rock type is high enough, 
qantitative age determination is possible. 
lowever, even if there has been appreciable 
takage, the method may provide a useful 
minimum age for the rock. 

With the development of mass spectrometric 
tchniques of a high order of sensitivity by 
Reynolds (1956) and the use of isotope-dilution 
methods, it is feasible to determine the 
‘r®/K* ratio in basaltic rocks, even of rela- 
ively young age. A preliminary investigation 
the problem of dating basaltic rocks is re- 
rted here. The Palisades sill was chosen as 
tte geological unit for study since it exists in a 
juriety of petrologic phases and types including 
otact-metamorphic rocks, has numerous fresh 
utcrops, and the geologic age is reasonably 
rill defined as it lies with its associated flows in 
lie Newark group of the Upper Triassic. Possi- 
Y Most important is the fact that certain 
jhases of the Palisades sill contain small con- 
atrations of biotite, which may give the 
tual age of the formation. 


POTASSIUM-ARGON MEASUREMENTS 
0N THE PALISADES SILL, NEW JERSEY 


For the present study samples were taken 
from the levels and phases indicated in Figure 
1, although over a horizontal distance of several 
miles. The textural and mineralogical variations 
of the diabase sill have been described in detail 
by Walker (1940). In addition one sample is 
from a columnar portion of the first Watchung 
flow 60 feet below the upper contact (Darton 
et al., 1908; Bucher and Kerr, 1948). 

The biotite sample (Table 1) was prepared 
from the upper fine phase taken within a few 
feet of the top of the sill where it has its highest 
concentration. The biotite flakes ranged from 
0.2 to 1 mm, and biotite was extremely difficult 
to separate. The final sample, after hand pick- 
ing, was 60-80 mesh biotite containing less than 
5 per cent impurity, which was mostly pyrox- 
ene, so that the contribution to the total 
potassium or argon of the sample was pre- 
sumably negligible. The other samples were 
fresh whole rock, ground and sieved to between 
20 and 80 mesh. The samples were heated by 
induction without a flux in molybdenum 
crucibles to >1350°C to insure complete 
fusion, and the released argon was purified by 
a procedure described by Long (1959 Ph.D. 
Thesis, Columbia Univ.). During fusion an 
Ar®® “‘spike”’ was added to permit analyses by 
the conventional isotope-dilution technique. 
Argon measurements were made with a high- 
sensitivity mass spectrometer similar to that 
described by Reynolds (1956). 

The argon data may be considered to be 
accurate to within ~-+2 per cent based on the 
reproducibility on calibration runs and on 
analyses of the Massachusetts Institute of 
Technology standard biotite which agree to 
within | per cent with the average of measure- 
ments by several laboratories (Hurley, 1959). 

With the exception of the biotite sample, all 
potassium analyses were done by isotope- 
dilution and solid-source mass spectrometry 
using the technique described by Gast (1957, 
Ph.D. Thesis, Columbia Univ.). The biotite 
was analyzed by Ledoux and Company 
Teaneck, N.J.) by flame photometry. The 
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reproducibility of these measurements is better 
than 2 per cent, but the accuracy may have a 
slightly larger uncertainty. The Ar*?/K“ ratios 
are therefore considered accurate to about 
+3 per cent. The large atmospheric argon 
contamination is mostly associated with the 
samples themselves as the fusion-system blank 
is small in comparison. In an attempt to re- 
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Figure 1. Diagrammatic cross section of the Palisades sill showing locations (x) 
of samples. Not to scale. After Walker (1940) 


duce this contamination, the samples were out- 
gassed at 200°C for 6 to 10 hours before fusion. 
However, the high sensitivity of the mass 
spectrometer permits the atmospheric-argon 
correction to be made with sufficient certainty 
at this level so that the accuracy of the result 
is not greatly affected. 

The results on the biotite presumably give 
the time that the sill was intruded, providing 
that the rock has not been significantly re- 
heated subsequent to its formation. This con- 
dition would appear to be met from a considera- 
tion of the geological history of the area. 
Although the biotite in this rock is fairly 
fine-grained, it falls within the range of many 
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Shale and arkose of Newark group 


Upper chilled phase from which 
biotite was separated. 
Medium-grained diabase 


Coarse-grained diabase - 


Medium-grained diabase 


Olivine layer 
Fine-grained diabase 


Lower chilled contact, Very fine-grained 
Hornfels at contact 


Shale and arkose of Newark group 


micas from metamorphic rocks that appear 
have essentially complete argon retention, Th 
date of 190+5 m.y. based on the decay cop. 
stants given in Table 1 helps to calibrate th 
paleontological time scale. 

The retentivity of the whole rock samples 
can be calculated from the Ar*®/K* ratio if {0 
per cent retentivity for the biotite is assumed, 


{ 


The fine and chilled phases appear to retain al 
of their argon, while the medium and coars 
phases show retentivities of ~85 per cent. 
These retentivities may be more a function of 
mineral composition than mere texture. | 
coarser rock shows more secondary alteration 
than the fine rock and also has much more 
potassium feldspar as a distinct mineral as wel 
as other mineralogical differences. It is wel 
known that perthitic potassium feldspar may 
lose a significant fraction (30-40 per cent) a! 
its radiogenic argon (Carr and Kulp, 1957), ad 
it may therefore contribute significantly to the 
average argon loss from these phases. 
The very fine-grained hornfels from withia 
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| foot of the lower contact must certainly have 
igst the inherited argon from its original detrital 
grains at the time of the intrusion. Apparently, 
ithas retained almost all of its radiogenic argon 
gnce then. This retentivity is undoubtedly 


651 


These results indicate that in some cases the 
argon retentivity of certain types of basaltic 
rocks may be as high as that of biotite. A study 
of the separate minerals in such rocks may 
support the application of the method to basalts 


Taste 1.—Patisapes AND BasaLt PotasstuM-ARGON MEASUREMENTS 
Ag =4.72 x 10-1 yr. Ae = 0.584 x 10719 yr. 
Sample Arf" Apparent Reten- 
No. Description K Total Ar Ar‘0* K* Age tivity ** 
: % ppm m.y. % 
6259a Biotite from diabase 6.41 0.71 0.0929 0.0119 194+5 a 
6259b Biotite from diabase 0.69 0.0891 0.0114 186 +5 
av. for biotite 190 +5 
6558 Very fine diabase at 0.52 0.77 0.00790 0.0124 202 ~100 
chilled contact 
Av. length of plagioclase 
=0.1 mm 
6358 Fine diabase. Av. length 0.61 0.67 0.00924 0.0124 202 ~100 
of plagioclase = ~0.2 mm 
6658 Medium diabase. Av. length 0.73 0.68 0.00896 0.01009 166 ~85 
of plagioclase = ~ .6 mm 
6858 Medium diabase. Av. length 0.55 0.84 0.00574 0.00858 142 ~75 
of plagioclase = ~.5 mm 
G758 Coarse diabase. Av. length 0.89 0.65 0.0107 0.00988 162 ~85 
of plagioclase = ~1 mm 
6458 Hornfels at lower contact 1.80 0.66 0.0245 0.0118 193 ~100 
6359 Basalt, Ist Watchung flow 0.19 0.19 0.00108 0.00468 79 ~40 


Av. length of plagioclase 
=~0.2 mm 


Radiogenic component 
“Assuming average of biotite is 100% 


dependent on composition and crystal size and 
may be expected to be highly variable. 

The specimen of the Watchung basalt 
(6359) was fresh and appeared to have a 
texture similar to the fine-grained phase of the 
ill. Obviously, from its potassium content, 
the chemical and perhaps mineralogical compo- 
ition is not the same as that in the sill. Assum- 
ing the same age for the flows as for the sill, an 
argon retentivity of 40 per cent is indicated. 
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ANNUAL MEETING, NOVEMBER 1960 


The 1960 Annual Meeting, held October 31-November 2, 1960, in Denver, Colorado, at the Denver 
Hilton was attended by 2702 registrants. There were 442 abstracts printed in the program. At 42 sessions. 
348 papers were presented orally; 96 papers were read by title. 

The Annual Business Meeting of the GSA was held on Tuesday morning, November 1, in the Grand 
Ball Room. 
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Treasurer, ex officio 
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John Rodgers (1960-1962) Chairman 
George G. Simpson (1960-1962) Hollis D. Hedberg 
Martin j. Buerger (1961-1963) M. King Hubbert 


8 F, Leonard (1961-1963) Frederick Betz, Jr. 
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Finance 
J. Edward Hoffmeister 
Treasurer, Chairman 
K. C. Heald (1959-1961) 
Francis Cameron (1960-1962) 
Morgan J. Davis (1961-1963) 
Clayton G. Ball (1961-1963) 
Charles F. Park, Jr. 
Chairman of Budget Committee 
Paul F. Kerr 
Chairman of 
Endowment Committee 


Conferees 


Housing 


Hollis D, Hedberg 
Chairman 

E. F. Osborn 

J. M. Harrison 

Frederick Betz, Jr. 

J. Edward Hoffmeister 
ex officio 


Membership 


James F, Henderson (1959-1961) 
Chairman 

S. Sheldon Judson, Jr. (1960-1962) 

Stephen E. Clabaugh (1961-1963) 


Nominations 

Robert P. Sharp 
Chairman 

John Ambrose 

John Rodgers 

John T. Hack 

Laurence L. Sloss 


Penrose Medal Award 


Charles F. Park, Jr. 

Chairman 
James E. Gill (1959-1961) 
Joseph T. Singewald, Jr. (1959-1961) 
A. F. Buddington (1960-1962) 
Kenneth O. Emery (1960-1962) 
Luna B. Leopold (1961-1963) 
Bryan Patterson (1961-1963) 


Policy and Administration 


A. Rodger Denison (1958-1961) 
Chairman 
Lloyd W. Staples (1959-1962) 
H. R. Aldrich (1960-1963) 
I. W. Jones (1961-1964) 
Charles F. Park, Jr. 
Chairman of Budget Committee, ex officio, 
Conferee 


Program 
Leonard H. Larsen 
Chairman 
Steven Oriel (GSA) 
Brian Mason (MSA) 
John Imbrie (PS) 
Harold L. James (SEG) 
Reynolds M. Denning (GS) 
G. Edward Lewis (SVP) 
(Member to be appointed by NAGT) 
Thomas B. Nolan 
President GSA, ex officio 
William F. Jenks 
Chairman 1961, Local Committee 
Chairman 1962 Program Committee 
(to be designated) 
Conferees: 
Frederick Betz, Jr. 
Secretary GSA 
George S. Switzer 
Secretary MSA 
H. B. Whittington 
Secretary PS 
Harold M. Bannerman 
Secretary SEG 
Konrad B. Krauskopf 
Secretary GS 
Robert H. Denison 
Secretary SVP 
Freeman Foote 
Secretary NAGT 


Projects 

Loris S. Russell (1959-1961) 
Chairman 

John C. Crowell (1960-1962) 

Donald L. Graf (1961-1963) 


Publications 

William C. Krumbein (1959-1961) 
Chairman 

E. N. Goddard (1960-1962) 

John E. Armstrong (1961-1963) 

Frederick Betz, Jr. 
Secretary 

Agnes Creagh 
Managing Editor 


Conferees 


Review Articles 

Preston E. Cloud, Jr. 
Chairman 

Francis Birch 

S. S. Goldich 

J. Hoover Mackin 

John S. Stevenson 
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society's 75th Anniversary 

Claude C. Albritton, Jr. J. M. Harrison Luna B. Leopold 
Chairman Harry H. Hess W. W. Rubey 

James Gilluly Mason L. Hill Frederick Betz, Jr. 

REPRESENTATIVES 

AGI Board of Directors American Commission on 

Marland P. Billings (1960-1961) Stratigraphic Nomenclature 

Hollis D. Hedberg (1961-1962) John Rodgers (1958-1961) 

Harold L. James (1959-1962) 
AAAS Council Ronald DeFord (1960-1963) 


Thomas B. Nolan 


Frederick Betz, Jr. NRC Division of Earth Sciences 


Harold L. James, 7/1/59-6/30/62 


NRC Office of Critical Tables 
William T. Pecora 


ACTIONS OF THE COUNCIL 


The outgoing Council met Saturday, October 29, and Sunday, October 30, 1960. The major acts of the 
Council were: 

(1) Decided that beginning in 1961 the annual and interim proceedings material be incorporated in 
the Bulletin 

(2) Accepted the invitation to hold the 1963 meetings in New York 

(3) Released Penrose grantees, d-linquent more than 5 years in fulfilling their contracts, from obliga- 
tion to submit a manuscript 

(4) Passed the usual financial resolutions 

(5) Approved a motion that petitions from any proposed Group, Section, or Division to be set up 
within the GSA be referred first to the P and A Committee for its recommendation to the Council 

(6) Endorsed a proposal that the Society establish a budget policy whereby the budgeted expenditures 
ofa given year would be restricted to the income of the preceding year 

(7) Approved the establishment of a publication account to be used to handle all business connected 
with publishing items for sale, the account to be budgeted separately from other items 

(8) Authorized the Council to select a person or firm to replace Mr. Tripp, the present Financial Advisor 

(9) Discontinued honorarium to the Chairman of the Finance Committee 

(10) Elected 19 Fellows and 155 Members 

(Il) Instructed the Secretary to set up a system so that Fellows and Members can receive publications 
(other than the Bulletin) on some sort of subscription basis (similar to former ‘“Take-All’” plan) 
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